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Abstract

This dissertation describes two-dimensional nuclear magnetic resonance theory and

experiments which have been developed to study quadruples in the solid state. The

technique of multiple-quantum magic-angle spinning (MQMAS) is extensively reviewed

and expanded upon in this thesis. Speciflcally, MQMAS is first compared with another

technique, dynamic-angle spinning (DAS). The similarity between the two techniques

allows us to extend much of the DAS work to the MQMAS case. Application of MQMAS

to a series of aluminum containing materials is then presented. The superior resolution

enhancement through MQMAS is exploited to detect the five- and six-coordinated

aluminum in many aluminosilicate glasses. Combining the MQMAS method with other

experiments, such x HETCOR, greatly expands the possibility of the use of MQMAS to

study a large range of problems and is demonstrated in Chapter 5. Finally, the technique

switching-angle spinning (SAS) is applied to quadrupolar nuclei to fully characterize a

quadrupolar spin system in which all of the 8 NMR parameters are accurately determined.

This dissertation is meant to demonstrate that with the combination of two-dimensional

NMR concepts and new advanced spinning technologies, a series of multiple-dimensional

NMR techniques can be designed to allow a detailed study of quadrupolar nuclei in the

solid state.
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Chapter 1

Introduction

More than 60% of the isotopes in the periodic table have an uneven distribution

of nuclear charges, atld LIIIISal] electric quadr(lpole ]noment. The coupling between

the nuclear quaclrupole moment and the electric field gradient (EI?G) generated at

the center of the nLIcleIIs gives an electric q[ladrupolar interaction that dominates all

other internal spin interactions (such a.s chelnic:ll shift and dipola.r interactions) that

a quaclrupolar nLlcleus experiences. ‘~he nuclear magnetic resonance (Nh4 R) spectra

of quaclrupo]es are often IJroadw]erl by this interaction, IVhose second-order effect

can not be ef(icic]ll,ly rclnol’(’(1 l~y I.llc col}i~[:]ll.iol]ill”sa]nple rotation method nlagic-

angle spinning (MA S). The lmv resolution of lhe resultant spectra greatly limits the

applicability of NhflR LOvarious i[nport~allt materials , and requires novel techniques

[1. 2] and 111(11(.il>le-(l{12]11tJllIn magic-angle spinning

iIIIport.ant cI(’v(JIOI)IIICII(,Sthat overcome the resol-

a[ lk:rkclc)” in I9!)0. has evolved into a relatively

to give liquid-like resolution in Lltc solid-state.

Dyna.mic-angle spinni[]g (D.AS)

(h4~MAS) [~] arc LIVOO( l.l,e IIIOSL

ution problem. D-4S, (irst rm Iizc(l

mature technique by Ilo\v; I IIC hloh[:\$ IllPLIIod pK)Imsrd ]>Y [~. ~rydnlan in 1995,

however, is showing grea{ I)ro[llis(’ and has SOII]Pil]triilsic adval]tagm over DAS. This

thesis describes LIICllQ\l:\S aiI(l l):\S t’xlx’ril]~fillls 1 lxIrfot”ll)cd at Berkeley that

represent some neiw’r colll.ril)ll[ io[ls 10 lligll-i”(:solllLioll INTL’lR of quadruples. Even

though my rcsea.I”clIlIas IKI(JIIIocllsiilg 011\lQhl :\S. 111(>great silnilarity betivecn DAS

and A4QL4AS makes it dcsi ral)lc LOI)IUCIII lmllI t(’clllliqlles in parallel, and compare

them when possible.

Following this sl)ort i[lll”()(l(lcli()ll. rllal)l(:r 2 I)IWIIILS Soil)(> basic NMR theories

I
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that are usecl throughout this thesis. In chapter:3, llASa.ncl MQMASare cliscussecl

and compared to each other in great cleta.il. The similarities between the two tech-

niques are clearly demonstrated and various clevelopments based on DAS are shown

to be equally applicable to MQMAS. Chapter 4 applies MQMAS to 27A1-containing

minerals ancl zeolites. The aclvmltages of MQMAS over MAS is illustrated in both,,

crystalline and glass mm pies. Preliminary application of MQMAS to 170 is also

given. Chapter 5 sho~w another interesting experiment that utilizes MQMAS to give

high-resolution ~lETCOR spectra. for cluadrupoles.

The last chapter in this thesis focllses on the switching-angle spinning (SAS)

technique that allows the cletem i]la.tion of chemical shift pa.ra.meters along with the

relative orientation between the them ica.1shi ft ancl c[uaclrupola.r principal axis systems

(PAS). Compared to conventional olle-clilll~;llsioll~]l technic,ues, this method is more

accurate and reliable, lYhen the magnitude of cllemica.1 shift interaction is moderate.

Since MQMAS is nmv a hot, topic in the N MR. community, great advances have

been a.chievecl in the past [,im years. !\ brief revieiv of this area. is given in the

appenclix. With this revimv , [the tl]esis bccomm a. complete reference for high-

resolution NMR. of cluacirupoles.



Chapter 2

Basic NMR Theory

The wealth of structural a.l]d dynamic information in NNIR experiments comes

from the combination of various nuclear spin interactions and the external perturb-

ations applied Lo tllc system. Tltc nllclcat. spin infractions affect the eigenstates

of the system, thcreforo change the csperilnel)tal NIvIR spectra. The external per-

turbations gencratml hy 1?F’ fields call be ]ll:~llil>~{l:~t.c>(llvitl] arbitrary flexibility to

selectively utilize or average O[[Lspecific illt,(’l”~lc{,ioll(s),leaving us with spectra mani-

festing diflerent aspects or the sysl eln. ‘1’l]erc I]a.ve been many good books that

provide general discussioils of 1.IIc l)rinciplcs of I)uclcar nlagnet.ic resonance [4, .5, 6, 7]

ancl its application t.o solid state materials [S, 9]. In the current chapter, I will only

include some fll]l(la.]llel]lci]ls of !\lhl R [I]cory tl)at arc IIsed in the later chapters to

describe the mom a.dvallcml Nh’11{eslwrilnenls.

2.1 Rotations

All tech niqlles IISMI for selerti WI aw’ragi n.g in !\lJl 11 re]y on rotations of one or

another kind of I.llc illl.erllal l-lillllill(~lli?lils. ‘~llc lx~llaiior of ally pllysica] property

under rotatiol~ (“all 11(’SI Il(lic(l 11101”(”(’asii)” tvII(’111II(’ I)I”oIx’1”1.vis (’SI)IVSSU] in Lernls of

irreducible Icnsor olNJI”aloi”s[I()]. ‘1’II(J reH)II is t lIal III(’ Iral]sforll)at ioll of the tensors

under rotation is Ivrll kI)oJviI.

Rotations in Nh’1II (alw tlvo distinct forll)s: rolaliotls ill spill space and rotations

in rea] space. ]~ach Nhl 1{ IIanlill.ollian cai] k> Ivriltell as a sulllmation of product of

, ..~, -,7 ..- ,; .. . . ,



spin and spatial tensors as sho~vn belmv.

H,\ = ~ & (–l)mIyJ’A (2.1)
1 nt=–1

The tensor components Rjjn, and T~~l are the spa.tia,l and spin tensor components,

respectively. The rotations in each space on 1y affect the’ variabl& in that space, thus

by writing the I-Ian ~iltonians in the above form, the spin and real spaces are decoupIed

and handled separately.

A rotation is often specified I)y three Ruler angles (a, P, ~) between the two ref-

erence frames before and a.ftxw rot.a.tion, as shoivn in l?igure 2.1. An lth-rank tensor

then transforms in the folImving way.

~z

‘ z’

x
. .. ......... ..$+”,,’.+. .,. ;.-:;,”.

x’
Figure 2.1: The Euler allglcs o. ~i,; t I]a{ descrit)e the (.rtl.llsforlllzl.tion between two
reference frames.

.4;,)1= (2.2)i ~:klb,”,).-tk
n=-1

Here, A a.ncl .4’ arc t.e IIsors iII (<11(’origi l~aI and [leiv franlcs. The eva.1ua.Lion of tensor

4



D(l)k facilitated by the reduced ~~jgncr K)lat ion Inatris Ciements d~~.

For most of the Ivorl{ in Lllis Ll]mis, I will cleal primarily with second-order tensors

in the spin and spatial spaces. Therefore,a [.al>l[:ofsccond-or(ler Wigner matrices is

included here for further references.

2.2 Perturbation Tl~eory

Static pert urbal.jo!] Llimry [11. 12] is used LllrouglIout Lllis lhesis to analyze the

eff’ects of the IIIIclrar sl)iil llilll]ilt.ollii~]ls otl ( II(’ Nsillh]t]t h’hl II spectra. The theory

is USefU]when the i ]allli][otlial] catl h lvt”il,lcn as

where V << //() aII(l O < A < I. :\sslit]]ill: 1l)al 1II(’(’igrllst ales and eigenvalues of HO

are In > and :,1, that is

//,,1/? >= :,,1?? >, (2.5)

perturbation Llleot”j’ tliakvs L]IC assutlll)l ion ll)at L]I(i cjgrt]states and eigenva]ues of

H arc obtained by adding Iligil(tr Or(!or u)rrocl.iotl tcrl~ls Lo Lllosc of Lilt unperturbed

.i
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system.

Here, l~(i) > a.ncl ~~) are a. series of correction terms to theeigensta.te In > and

eigenvaluesn. Inserting Eqns 2.6 a.ncl 2.7 into

and collecting terms on both sicle of the cclua.tion wi$h the same power of A, the first-

and second-order energy corrections c.a.n be obtai necl.

E:) =< ??4VI?2 > (2.9)

~;~) = ~ < ?21VI???.>< ??211/”172>
I

E,L — Emn#nt

(2.10)

The result on the first-ordc:r energy correction states that, ~ve need merely to

calculate eigenva.lue corrections lwing the original basis set. This is equivalent to

ignoring ail the terms in l“ Lila.t do not conlmut,e ~vith the basis Hamiltonia.n Ho (non-

secular terms ). Using a. matrix represen tat ion, this means that all the non-diagonal

matrix elements in V are neglect ccl ancl the Ha.miltoniall Ho+ V is approximated by a

diagonal Ha.miltonian. This process of truncating Hamiltonians has proved essential

in the treatment of internal spin llan~iltonia.ns in Nhi R.

2.3 Nuclear Spin Hanliltonians

The nuclear spin I-1~~.l\lil(oi~i~lllsconsist. of a. nl[n~lmr of tmvns that describe phys-

ically different interactions of tile l]iiclcar spins.

II = [1~ •1-111{1.”-t [lo -1-Ilc.s + fill (Q.11)

(i



The first two terms, /lz at}(l HI{I., re(lcct tlic collpling of the nuclear magnetic dipole

moment with the extertlal static and Rl~ inagllctic fields. These fields are controlled

by the experimenter. Tile last three terms are dcterlnined by the local environment

around the nucleus inslm.d. of all the spin interactions mentioned here, only the

electric quadrupo]ar interaction Ivill hc discussed in any detaiis, as the thesis is mainly

concerned with half- illtergcu quadrupola.r nuclei.

2.3.1 Zeenmn Interaction

The single strongesL il]loeracl, io]lill high-field iNiklR experiment is the Zeeman

interaction, WI1OSCl])agllitlldc is proportional 10 Ll)e slatic magnetic field strength

l?o. This direct, ion of /1~)also dvfil)m Llte ;- asis of Ll)e Ia.horatory frame.

IIz = –Ii-f /)()10 = –l)cL,u10 (9J~)

In this ecluation, -~ is a ratio lJeL\v(:(’1) LIIc IILIclear tlipo]e nloment aIIcl the nuclear

angular momentllm (gyi.(>{l];~gll(’l.icratio). and L+ is LIICl.armor frequency. The spin

operator

10 = 1~ (~.13)

is one of the three spllcriral operators Inakillg 11PlI)c coll]plct.c spin operator set. The

other two are defi l]cd Iwlmv.

1.

‘*‘*7(’”’*“”)
The eigcl~s[ aL(Is of (II(I (Iolllillal i]lg 7AYII]]aII Ilaillillo[liatl fort]l a basis set for

the perturhativc [ reaLtl](It)I of O(Ilw” IIIIClmr spill ill{(’ractiot]s. t\ nuclear spin with

quantum n[1m her / J~ill lla~(. ~1 + 1 (~ig(.lls{a((.s+ cacli dellotcd as IIm > where

–1 < m < [. [l) Lllr basis set fort]lm[ i)~”1hcsc eigel~sl, ates, the matrix elelments

,, . .. .....-,. ;. .,... -
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of the spin operators arc gi Yen INIOIV.

(2.15)

(2.16)

2.3.2 Qmdrupolar Interaction ,

W1liletlle Illlclea.r cll~~.rgC:clistril~llt,ioll fora. spin-: nucleus isspherica.l, theclistri-

butionis ~lllevell fora. cl~l~~cll"lllJ(Jl~~.ri~llclells. Thereorienta.tiono fthenucleust herefore

affects the energy of Lhe nucleus and the electric interaction of the nucleus with its

surrounding becomes imporl,a.llf, when dealing with a. quaclrupolar nucleus. Classic-

ally, the interaction bell~veell a clia.rge distribution p(~) and an electric field potential

V(F) is

L’(J=
I

@(F)I’”(F)(//= (2.17)
. 1’

integrated over the tlll”ce-[lilllc~llsiontl.l space. Since V(F) often takes a quite complex

form dependent on the spatial distribution of all the electronic and nuclear charges,

a Taylor series expa.nsiol] is used ins Lead 10 simplify Eqn 2.17.

(~.ls)

The expansion is almIIl t I]c ccilLer of mass of t.hc IILICl(:IIS,Ivllich coincides with the

center of charge of (*II{’IIIICleIIS. Sul)stit.[l(,i]]g 11(1112.1S info 13qn 2.17 yields the

following expression.

~Q = ZeV(0) + ~ 1<,: b + + ~ Q:fi- 1,=”+... (2.19)
(l=.r.{/.: (Y,/3=.r,!/,:



Here, Ze is the total charge dcllsi(,y of a ]ltlcle([s, Ivllicll

interest; the a component of tl)c cicctric clipo]e moment

r. =
J

O’p(??)(1?7
\/

is constant and of little

(~.zo)

equals to zero since the center of mass and center of charge for a. nucleus coincide.

The third term is the prod Ilct of two second-rank Lcnsors. The o/3 component of the

electric cluadrupoie ino InOIL Q~3j3is d(’fined l~elolv.

Q:@ = J. ~’/3e(0(/(F) (2.21)

The a/3 components of Ll)e electric field gradient ( l?lW ) tensor is defined as

It is mom convcnicni LOexpress (I)c EIT(l tensor ill its pril]cipal axis system (PAS)

with its three eigellvalum \YIV.y,l’i”~”and L’>z. 7’11c~s(’eigell\’zlilic~sflllfill the following

relationship.

]\’>z[ 2 ]Ii”}”l 2 11’:.Y.YI (~.~3)

Since the EIW tensor is I l“ilC(’lCSS.l\vo l)al’illTICi Cl”S (~-q a]}(l 77Q) aI”e actlla]]y enough

to define it ulli(l(l(’ly.

I:y.y – I\”)”
I)q =

l’>~

Thescconcl patatncLer )~q is Lilt asyllllllclric l)at”at)lcler of t]~c electric field gradient

and takes a. vall[e lmLIvceII () aIId 1. This I)arallletcr reflccljs Ll]e local symmetry

around the nuciclls, al)d (I(III:IIS10 Zero \vl~Pn 111(’s~lll’olll][li[]gof t]lc nucleus is axial

symmetric.

g
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The cleriva.tion of the qIIa.nLunI mechanical liamiltonia.n for a clua.clrupolar nucleus

then becomes cluite cornplica.tecl [4, 6], but the final result has the following form.

H(-J= /idQ ~ Af_,,tT$,, (2.26)
111=—2

where

(2.27)

The nuclear qua.c]rupole moment eQ is derived from Q’ in 13qn 2.21. A cluadrupolar

coupling constant, CQ is tlo~v introduced to report the coupling between the nuclear

quac]rupole moment and the eleclric field gra.diellt.

(2.2s)

The different spin tensor components in Eqn 2.26 have the following meanings.

(2.29)

(2.30)

7;:*2= 1; (2.31)

The spatial tensor coinpommt

is expressed in t,hc lahora Lofty [Mme. ‘1’l]espa LiaI l.e]lsor pQ in the clua.clrupo]e prin-

cipal axis frame (l).-\!+) is dcfillml a.s

/, =

{

3

j

/$*, = o

P?*.2= l@.

10

(2.33)

(2.34)

(2.35)



These two tensors relate to cacll otllcr through a g(’nrra] mta.tiol] with three Euler

angles CYQ,@ and y~ hrtlvccn Lhe Llvo fralnrs.

The magnitude of q[ladr(lpola.r interaction is ofLen in the megahertz range, and

quadrupolar interaction dolnillatcs al I other nuclear spin interactions except for the

Zeeman interaction]. Pml.[lrbati w: Lrealment for this interaction needs to be carried

out to the second-order Lo fully account for its influence on the Nh4R spectra. on

the other hand, C~ and q~ CO])lain inwlluable illlornlation about the local geometry

around the nucleus that (’xl)(-:ril]l(~llt~~lextraction of Ll]mn has proved essential in the

determination of strlld.ure an(l d.sllamics Or nlallj~

2.3.3 Chemical Shift Interaction

classes of materials.

Chemical shill interaction is a Illaglletic illl. cracl. io]lderivi]lg from the coupling

between the Illlclcar diimlc n]olnellt al]d IIle local magllelic field created by the mo-

tions of the surro(ltlding cld.rons. ‘1’hc 1Iamilto]]ian is expressed here in the labor-

atory frame using a sl)llerical (c IIsor r(’1)1”(’s(’lll:llioll.

Similar to Lile (llla(!rlllx)lt’ caw. it. is IIIOIT c(~lll”t’nient to define cl]mnical shift

parameters in its I)rillril)al axis s~st(’11] (l J:\ S). ‘1’11(,lIIIX’Ceig(~l]val[les of the Lensor

II
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are J,.,Y, Jyy and Jzz; The isotropic chelnical shift is then the trace of the chemical

shift tensor.

The assignment of J,yx, dry ancl Jzz neecls to fulfill the following condition.

The chemical shi R anisot,ropy (CSA ) ancl asymmetric parameter are clefinecl by

where Jcs characterizes the size of C%A and qc~ reflects the local symmetry around

the nucleus.

Using the above dcfini Lions. the spatial tensor components pfi.s in the chemical

shift PAS are described as

. .
/)$’:, = o (2.47)

. .
/);:;2 = qcsp. (2.4s)

The spatial tensor .’IC.Sin ( Ilc Ialmra[ ory ~ra.nle is ohtai necl frol]~ (he PAS frame tensor

PCs through a, gel lera I rol.a.l.iol~.



I-Iere, C#’s ‘“, /3cs aIId ~(’$ ar(~ I?[II(’I aIIgl(Js l)(Jl\w(III t.ltc CSA PAS and the lal>oratory

frame.

Chemical shift anisol,rol)y is tlsualljl ill tile ratlge of kilohertz and is more conveni-

ently reported in tile ulli[.s of’parts pm millioll (ppm ). Perturhative treatment of this

interaction on] y IIecds Lo lx’ done to Lhc first-orcler. Like C~ and ?lQ, ~i~~,&.s and

qc~ probe tile local strllr(. urcat}d

applications are solely (Ielx’tldettl

dynamics near LOthe nucleus that a series of NMR

on LIIc arr IIrate IIIwsIIrcmcnt of these parameters.

2.3.4 Dipolar Interaction

Dipolar IIll,macliol] ( 1)[) IXJLWCC]}Llvo spins 1~ al]d /j is dcscrilmcl by following

ec!uation.

111),, = –ilk.’,],, ~ (-1 )“’’L!L&,,* (~.50)
nl=-2

Here, UD,, is LIIc?]I]aglli[ II(IC of I II(>(Iilmlar intcracl. iol] Ll]at ranges from zero to tens

of kilohertz for di(lcrelll sl)ill I)airs.

7,7,~,=—
‘“,J ,.:3

1J

The spin tensor cot])l)otl(llts arc givcll I)y

‘/;;” = -& Hz.,/7, – /, “ /., )
4 ““

, ,1),,
I

@
2.*I = -# ix., /+.., + /+., /z,, )

‘1::;2 = l*,, l*.,

The iai> flWllP t011S01”.1 ‘)” is (Ic[illc(l lJas(I(l OII t(IIIsor p D,,

axis system ( Pf\iS). ‘1’llccollw’rsioil 1)(’LIY(’(’11111(’t \vo [(:11s01”s

I:~

(~.51)

(2.,53)

(~..54)

n lhe dipo]a.r principal

nvolves only one Euler

,...,- ,.=-.



angle (~~’~ ) since only Llle =-axis of the clipolar PAS frame is fixed.

where

(2.55)

(2.56)

(2.57)

(~.5~)

The strong clepcnde]lce or &’,j,, on t hc d istan cc Imt.ween the two spins Imakes the

dipola.r interaction a ulliqlle prolm on ill[.ernuc]ear distances. This thesis, however,

will not consider dipolar illl.eraclion in much cletail. The readers can consult with

other references LOsee hcnv 1I)(’di polar interaclion is utilized to enhance NMR, signal

[13, 14], to do spectral rdiling [15] and Lo establish connectivities among complex

spin networl;s [.5, 16].

2.4 Perturbative Treatment of spin Hamiltonians

We now start t.o look al lImv t lIr il][.m”tlalspill interactions aflect the NMR. spectra

using perturht.ion I.IIP(JI.)”. f\s III(’I1Iioncd i)dol(>. firsl.-ordcr l~(~l-[ollrl>il.f.ivetrea.trnent

is neeclecl for all Ll]rec 0[ III(I iilleracl ions (CSfi\, QI ?Illd D]), while second-order ex-

pansion is also IICWICXIIVII(*IIdealing \vi[.1][II(-Iq[IadrIIl)olar interaction. As long M the

first-order perturbatlioll I I]cory is coIIc(v.ll(-l (1.only the sccLIlar ])art of the Hamiltoni-

ans that commute tvitll tll(’ ZCcmatI 1Iainiltonian remains and all other terms can be

safely drop peel.

1-1



2.4.1 Static Sample

The part of the cllclnical

Hamiltonia.n is given below.

sllifl. IIanliltonian that commutes with the Zeeman

(2.59)

The factor (777– //) 11(’I”csIIgg(IsIs I Ila( I IIP :1/Z ++ –:1/? tral~sition ivou]d have a

chemical shifl tripled 11];]1. of [l]c 1/2 # —1/2 trallsil,ioll.

Truncation of 1.I)c(IIIa(lIIIpolaI lla[l]illo]liai~ 10 [.l]e (irsl-order gives

!31?(”1/:-/(/+ l)).“Q= & 2(’“

The first-order ct)ergy (“orr(’c(ion [f) s(.a((~ I/~]) > is again Calc(ilal)cd I)y inserting this

eclua.lion into Eq t] 2.9.

It is insiglltflil to \vorl; ollt i Ilc ct]crg) dif[(’r(’ll(”es[or iariolls transitions of a half-

intcger quadr(l])olar I)ttclcils.

:.’ .,- --:,-, .? 7-”,,.+?.,,.



For the n?. + ???.– 1 transition ~vit,h ?77 # ~, the correction is in the order of WQ

(megahertz) ancl can hardly be observed in most experiments (for opposite examples,

see [17, 1S, 19]). The most commonly observed central transition (1/2 H –1/2

transition), together with other symmetric mllltil)le-cllla.llt~llll transitions (m @ –m

transitions), is however, not afl’cctecl to the first-order by the quaclrLipolar interaction.

Second-order perturbation theory is thus used, ancl the final results are described

below [20].

A E:?*.,), = !!4 .!l J(/+1)

~“ ‘(
– Snz2– l) A:l A:-l +,,

(2.65)

This ecluation reduces LO[he tllorc commonly used expressicm for the central trans-

ition.

(2.66)

Figure 2.2 shows scllcmatica.lly I1OWtile energy levels of a spin 1 = ~ nucleus are

shifted by the qLIadrupolar in(eractioo. Wi(.hollt (Jl)c quadrllpolar interaction, four

(2J + 1) equally spaced energy levels are observed. The first-orcler cluaclrupolar inter-

action changes t.hc energy of ew+ lmwl by an anlo~lnL in the order of the quadrupolar

interaction (nlcgahmt.z ). IIcnwwer, the In ancl -m energy levels are shifted in the

same clirect,ion, and t.hc n? e –)n t.ransit.ion fre(lucncjr is not aflectccl to the first-

orcler. The second-or(l(’r (lIIa(l I.IIlmlar intel.acttion. hmvcvcr, does af~(:ct tjlle transition

frecluencies ancl t I)e fr(qq(vl(.y shifts are d(w.ril,)ed hy I;qns 2.$5 al]d 2.66.

2.4.2 Spinning Samples

To yield better resoll[tio[l, most sol id-state Nk~II es peri ments are carried out

uncler spinning condition. %lnlplc spinning introduces extra. rotations in the real

16
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Figure 2.2: ZeelNan. (irsl- and seconcl-order energy splittings for I = ~ nucleus.

space (but does nol clla.nge Llle spill space tensors). so the format of the energy

correction expressioiw is nol c.llat]ged ( Ilqll Z.60 a.n(l r~(lll2.6.5), except that the spatial

tensors A~ and .-l(’s llmv involi’e another rotal.io]) ill the real space.

17igure 2.:1 dCIIIOIISl ral(s 1110 1rallsfornla[ iol]s ivc Ild to perform on a. spatial

tensor A“ in a ro[a[.i]]g sill])l)l(~. ‘1’11(1l(,IIsor is first I railsfornlml frol)] its l)rincipa,l axis

frame (PAS) 10 1I](’roI(jr fI”aIII(’. all(l 111(’1110 t 11(’Ial)ol”a[(x.v [I”alll (.’. Th(: Euler angles

is the spinnil]g sp(’ml all(l 0 is 1II(’atlgl(’ 1)(’IIV(’(’11t Ilc spillncr axis and [lie static field

Bo. According LOlhln 2.2.

As a comparison. Lllrn’ is 0111)”011(,r(Jlalioll il~lwllx>(l i]] I.hc static case (see Eqn V.3Z

.,. . .>,, ., .-m .. Z,,.,. ,
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‘lab

(Cx,p,y)
PAS Frame ~

((.l)rt,e,o)
Rotor Frame b Lab Frame

Figure 2.3: PAS to rotor LOla]> ~ra.nle. The llller a.nglm used in the transformation
are inclica.ted.

and Eqn 2.49). The almve expwssion is nmv ti il~(;-(lc>]>c:]~clelltand can be written as the

sum of the tillle-illclcl> (:[l(lc:llt.and t.iInc-dcpenclent terms. The time-dependent terms

result in extra. peaks (sidrlmllds) in all iwh[ll speclrum. ancl ~vill not he discussed in

detail ~21, 22]. Here. ivc consider only Lhe t,illle-ill(lfil~~;ll(lellt (k = O) terms, which

suffice for Lhe derivalio[i 01 Iligll-rcsollll.ioll Xhl 1{tl]cwry.

For chemical shill ill(.cractiol]. Ll]e itnl)orlant spa.1ia.1 Lensor is A~$ (Ecln 2.60).

1s



Accordingto Eqn 2.W.

The k # O terms in Lhc summation

The remaining= O Lermsgive the

can be dropped since they are tilne-clepenclent.

following expression for A~~.

Here, P2(cos 0) is Llle second-order IJqyn(l re polynomial.

:3c-cd o– 1
/’~((“0s0) = .,

A simi]ar resu!l is 01)1aii]e(l for f !lr firsl-order (ILIa(lI”LIpolar inLera.cLion.

The expressions for a static san]plc can be dcrivd by setting Pz(cos 0) = 1 (or

0 = O.OO).Applyitlg I;([II 2.6{) LOIJCIII2.60, a. ll)orc oftc]l used version of the chemical

shift frequency is lvrittcl} as.

J “.>”= d,,,,, + A:”’s((1(””$. ;F”s)Pj(cos 0) ,

where

‘s~ls,> = ~[1( 1.$$> (2.7:3)

an d

Ecln 2.72 con[,aills at] iso[ rol)ic ((vi)) I Ilal. is in(lcpe[](lellt of crystalline orientation, and

an a.nisotrol)ic Lerlll Lllal is (Iclx’t](lf’tll otl lI1(Jcl”~”slal!iil(’ori(!nlaliol]. “rh(! latter needs

}g

:,:,.
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to be averaged out iflligll-rc:sol lltioi~ is desirecl. Sill~il;~.rexj~ressioll can be obtained

for the first-orcler quad rupoia.r int,craction.

I?or the seconcl-orcler quadmpola.r interaction, the product of two second-rank

tensors (A~~Af_.t )

expansion. The first

needs to I>e expandecl. There are two ways of calculating the

one works well when the time-dependent terms in the expansion

are not important ancl can be clroppeci (~vhich is the fast-spinning case). The tensor

product is first explicitly written out, as follows.

1.11=–2
(2.75)

Only the 1 = k = O krms in (he above ecl(lation are till~c~-illdcl~enclellt and are

separated out.

(2.7(3)

2.-1$’,.-If_,+--t$’2A~_2expands as below.For the central Lral]sitjio[l. IIlr cxprcsiol] ,

where

(1:,= (/\;)+ ((f P.2(C-OS0) + +w?l(cos 0).

Here,

/?, (cc)sfl) = &5cos” o – 30 COS20+ :3)

~o

(2.77)



is the 4th-order I.egcndre pol~.llolilial. ‘1’II(Jlj~-[lf:l~(?ti(lf;tlt ({i~elements are given in

table 2.2 [23, 24]. Using tl]ese l)arametcrs, static and M.4S spectra of quadrupolar

nuclei can l>e simulated (silllllltll.illgt,ll(: sidebands rc(lllircs extra. eflort).

Table 2.2: Coe(ficicnts ill the aniso[ ropic cosine expal]sion for second-order quaclru-
polar correction.

Substituting 1111]2.77 illf.o I;(III 2.(i(i. (11(’(’llel”gy splil. t.il)g dLIe to second-orcler

quadrupo]a.r interact.ioll is

which after re?ll.[”?lllg(’lll(>l]t..leads to I Ile follmving forin for the transition frequency.

I-Iere,

~,(w) _ _ :1(/(/+1)–:1/1) )

,.,,, —
c~(l+$)

‘lo&’,,/~(2/ – 1)~

is the isotropic smmll(l-orflcr (II121(II”III)OI;]I”shift. ‘~1)(’ last tlvo Ior[ns, king anisotropicj

depend on tl)e cryst)allinc orient atioll and I Ilc relative orientation I>etlveen

axis and tl)c laboratory fralllc =-axis. ‘1’11(’s(’t \L’oLerl)ls arc (.0 1)(?averaged

high-reso]utioll sl)(’ctra 211YL(1(’sir(’(1.

~1

..

the rotor

out when
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If 12c1n2.6.5 insteacl of llqn 2.66 is combined Ivitll 13cIn2.77, the second-order

quaclrupolar frecluency shift for the n?. H – m transition is obta.inccl.

u;~-m=CO(1, n?,)ti::+~, (~,@.’f(CI’Q,/~Q)~z(cos ~)+~2(~,TT+4~(aQ,BQ)~&se)

(2.83)

Compared to Ec[n 2.S1, three constimts clepenclent on the transition and the spin

quantum number are introcluced. These values are shown in table 2.3.

5/g I jy 1 1 1
:j/Q 6/s 60/32 114/72
!j/~ -.50/s -~o/:3~ -150/72

7/~ l/~ 1 1 1
:j/~ ~~/]~ 144/60 303/135
.rjf~ -1 ~ 16.5/135
7/~ -147/15 -16S/60 -4s3/185

l/2 1 1 1
:{/~ !j.~/~~ g,5~/9~ 5461216

.5/2 :30/2.4 :?00/96 .570/216
Tp -s.1p[ 16s/96 s4/216
9/2 -:]y:l/~/[ .yl~/g~ -1116/216

Another !vay ores IJa.ll(litIg 1Ilc ptwduc( of second-rank t,c]lsors Lakes the advantage

that the product of LIVOseconfl-ral] k t.rnsors is a. sulll of ra.nl{ O, 2, 4 tensors.

.4;;,,.-l::_,,,= ~ <10[22,H.. -m > a,,) (2.84)
1=0.2..1



In this equation, t//(J is Lhc (.rtlsor delllent of an ~t.1]-ril[l]i tensor.

(110= ~ D:::((.drl,o,o)~ I):J(CYQJ3Q,7Q)17,, (~.g5)
n=-1 k-l

Here

2

]=-2

and < 10[227??,–m > iuld < lk122j, k – j > am C;lel)sh-(~orclon coefficients [12].

Of all tllc terms ill llyt) .,Z.W. oi)li’ Ll)c 17 = (1 conlponellts are IOilnr-ill(lel>ell(lent.

Notice that

(/:/j(cm o ) = /’/( Cos o), (~.ss)

Eqn 2.S1 is reached afler illscrtiilg IC(lll2.S7 into J?qt) 2.S0.

2.5 Evolution of Spin Systenl

After a I)ricfclis(.llssit)tl O( LIICrig(’llstal(’s ati(l eigrllialllvs of a single spin, Jve now

start Lo look at ]Ioi!’ I!]($s(’ rigcllsl ;II es an(l ei~rl]i”illllcs (It”olve ill at] Nh’[ ]{ experiment.

The CVOIU[ioli corIxJsl)(JIItls I() r[)IaI i(~lls ill [ II(Ssl)iil SI);I(X’. all(l is l)cllcr (l(wril~ml \vittl

the concepts of (I(tllsil,v ItIdl ris :111(1(I(vlsilj olx’ralot illlrodllcml as follolvs [11, 12].

2.5.1 Density Operator

For a given spill clls(’1111)1(’.i(’ all ()[ (.1)(’spins ar(’ ill 1]I(? saIY)e state (pure state),

described l~y 1Ilc slalr [Illlcl ion IW(I) > ill ail orl lIoIIOIll)al basis {1[)1 >} ivith coeffi-

----- ~:,, ,,, . .-. . . - .“:””’-.7.”.” T7!.f ;, ,,, .,... ----
$ f..



cients C~(t), the clensiloy opera.1or p(l) is clefincxl by

I
p(i) = l~v(t) >< V(i)] = ~ c,,*(t) c:(i) ]I?7?.>< 172[ (2.89)

m,n=— 1

If on the other hand, not; all of the spins are in the same state (mixed state), the

density operator is clescrilmd hy the enseml>le average over all the spins.

(2.90)

The clensity matrix A is Ll]c ma[.ris l“~:l>rcsellta.tiol~of the

used to facilitate Lhc nu[nerical cdcula.lion of the evollltion

densily operator, and is

of the density operator.

(2.91)

clescril)ed hy the I.iouville-vonThe equation of mol.ion of tile density operalor is

Neumann eclua.tion

;/)(/) = –i[H(i). p(l)], (2.92)

whose solution is given by

p(l) = (~(/) p(o)(~(i)-’. (2.93)

Here,

J

/
1/’(/) = 7“’(..7”/)(–i [{(/’)(/1’) (2.94)

u

and 7’ is lhe 13ysotl (.illlts-(>rcl(’rillgolx:ra{.or [25]. \\;llP]] /-/(( ) is lti{ll~:-illclcpe]l(lent, the

evolution of l-he dmwil.y l)]al rix m]] Iw simply reproscnlml as

/)(1) = e-~’’’p(o) e”’”. (2.95)

In a. real system !vhere sa.tllplc is spinning, f-l is often lime-dependent even in the

rotating frame (tlw rcfcrellce ftwl~lc Lhat rotates arollnd lhe laboratory z-axis at the

~.’j



Larmor frequency. In this frame, the eflect of Ihe static field on the NMR spectra

is removed. It is also the Nhl R detection frame). The general approach to calculate

the density matrix at time I is to l~real<up the time axis into small intervals, during

each of which the I-ta.miltonian is const.a.l~t (Figure 2.4). The density operator is then

the cascaded evolutions in all LIIPlime intervals.

p(i) = C-i’’’’’’’c-’’’’’-’’”-’..” c-i’’’’’p(O””i’””“”” em’’’’-’’’’-’eif’”t” (~96)

1
Hn.l , [n-l

1● e@ ● ** ● *@ r
time

Figure 2.4: Trcatlllel]l 0[ a titll[~-[l(~l~(~ll(l(~l}tllt~lllil(olli;~ll. The time axis is divided
into small intervals. (Illrillg eacl] 0( Ivllicli Llle sljill Ilamillonian is tillle-i[l(lel>en(lellt.

by

The ohservalJl(’ ill a!} Nil li rxl)(’rilllcl}l is 1+ . aIt(l tl)c detectiol) is achieved

using a single (“oil (.al)al)l(’ of coll(’cliilg (Iata ill (lIIadI.al III”(’ (boLII the real and

imaginary COIIII)OIICIIIS or I II(J sigrl;ll). [~siilg [ IICcl(tl)sit~”Ol)crator l.(~l~r(:sc~lltatioll,the

expeclat. ion \“al II(’ 01 I II(’ ol)(’I”aIoI”” /+ is (,sI)I”(wc(I as

I

< /+ >= ‘/’/”(/)(/)/+) = ~ < //”1/)(/)/+///”>. (~.g~)
,.=—/

< ]+ > is Li!llo-(!e])(>tl(!(>tl(aII(l ill(lllccs al] electric signal Lila

cletectioll coil. ‘1’11(’(Icl(’(((tl si~llal is 1II(’ fm> it)(litctiol) (1(’cay

~~

J is pic]ied up by a

lTID) of the system.

. . ... . .



In most experiments, the phase o~Lhe receivcw(~r) may be controlled to arbitrary

accuracy in the computer, so trhc actual signal is clescribecl as

,f’(t) = e-id” < ]+ >= e-i4rTT(p(t)1~). (2.98)

By inserting llqn 2.90

<1+> =

inLo Ilcln 2.97, Ive gdo

~ C,,z(i)c’;(i) < /?”]/???.>< I?ZII+IIT>
m.n.r=- !

~ c:n,(t)c;(t)6m,.Jn,r+,
7n,n.r=- !

(2.99)
1L.7t1==—[ 7n=—1

This suggests that only si IIgle-CII.IiI.IItLIIII transitions (m. H= m. – 1) are directly ob-

servable, whereas multi IJlc:-cIII~]])l,Iil~]transitions have to be cletectecl inclirect]y. This

also brings about the CX3nCeptj of coherence. lvhich is specified by a va.ria.ble number

p, and corresponds to lhe o~-diagonal elements .4,nn (m. + n) in the density matrix.

Usually, a. non-zero of~-diagollal rlenlcnl in lhe dell~ilry matrix means that there k

a connection bcl ~vcetl 1.110I.IVOenergy Ic!ve]s. A coherence phase factor then exists

in the clensily lna.lrix rlct]]ct]l,. ivhich cvo[w?s as L]ic syslem evolves. At ecluilibrium,

however, only cliagonal elcl~~ent,s exist a.ncl the densit~’ Ina.trix is

where Z is a. normalizal ion prcfac(. oral]d Ilz is l.l)e Zccma.n I-It~.ll~ilt,olli:~.11.With 112

being much smaller tl)an k’1”,po is a pproxi mated as

(2.101)



after dropping the consl ant l)rcfactors. ‘~llisgi\os [.lleillitial sta(cof an NMRsys-

tem. The linear dcpcndencc of p(0) oil -~ n}cans that a larger -y often gives a larger

population difference and stronger Nhill signal.

2.5.2 Evoltltion Under RF pulses

Radio frequency I)(IIS(JSO( a well-defined length (~), amplitllde ( f31) and phase

(~) are used to rotate ,,uclcar spi 1] states hy crcati l]g and destroying coherence or

changing popnlat)ions of tlic di[rercnt energy levels. The strength of the pulse is

defined by

~’1 = -/ 131. (~.lo~)

The frequenc~’ U.Iof tile IJLIISCis oftel] SC( I.cI”J~close to the Ijari])or frequency WO,so

the Hamiltonian corrcsIxJnds to I.I)c 11l; p[lls(’ is dcscril)ed as

[-/,//.”= //&*lx + /tdl( fx C04A’T + f~) + /)””~d~’~ + ‘J))- (~.lo~)

In the rotating fratll(l. t II(’ lJaI”II)Or rl”(i(lll(’llc~lno longer enters the expression,

//j~l = /l_ld/z + //dl(f.Y 03s0 + /l- sin cj) (~.104)

and the pulse acls as if il is a slalir ficl(l ill the t rat]sverse .r – y plane at an angle

@ with respect to ( I,e ,r-axis. 11(’rc. & ill(lll(los 111(’cllc[niral shift Contril)ution and

Nolicc Illal Illis Ilal]lillol]iatl is no longer

otlc call (wsil~” (“ale IIlalc tlI(’ (l(>i)sit~ operator

at time 1.

For a spin-i llLI(”I(’IIS (111(1(’r

-,11;;!1
/)(/)=( /)(0)(

l{l; irra(iiatioli \vil II

tll;;!l (y.lo.j)

pllas(’ o. tli(I ovolutiol~ of different

., .. ., ,~->%;,;:.... ,..’; !, i, . .
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Here, UR~( 14) = e-ill~tJF*~l.ll(l~ is t,]~~pl]ase Or the pulse. ‘These actuations are more

useful when they are es 1)resscd in the spherical tensor I>a.sisset.

(2.109)

(Q.llo)

Some important points ar(! ivorljll noting:

I. A 90° pulse (L’lI = T/2) generates a 90° rotation in the spin space. It

rotates Io into .r —!) plane and crca(<es lmtll /+ and J_ coherence (we

~assign each coherence 1+ (or {– ) a coherence nllnll>er 1(-1 ), a.ncl give it a

va.riable name p). ‘1’IIcCOIICWHCW after t,he pulse nave ~wdl-defined phases.

For exam pie. a W;. lJ(lIsc creates [ll~]gllc’t.iz?]l.i(~]] along l,lle —y cli mction.

II. I\~hen

[//;;{.,)(0)] =

the density Inatris dom [10( CVOIVCsil)cc

o, (2.111)

( ‘; ’’%j)(())( “’;;! = /)(0). (~.11~)

~s



For (xampk, al’[ (’r a 90;. 1)111s(’, if atIoLII(’r plllsc is ap])licd along the y-

direction, Tile dmlsil.y Illalris (Iom not evolw’ and Llle system is in a

spin-locked state. ‘I’he second pulse iscallcda s]>ill-locl<illgllLilse.

III. A single pulse causcs tl)e lllixillgofelelllf~ll(sill the density matrix. For

instance, if p(()] = 1+ atid another 1117pulse is appliecl for a time i, p(t)

is a mixture 0[ Lllrcc rohcrcnces: +1 , 0 and -1. ‘1’he challgc of coherence

orcler under 11F p(tls(’ is called coherel)cr Lralisfcr.

IV. The phase factor (~~~) cxpcrirnced by cacll collcr(>l)ce after a. pulse with

phase d is l)ropor[ iollal 10 t II{’cohcrcllce nllmlx:r change (4P) during

coherence Lratlsfer.

A($ = –1])[) (~.11~)

Thm difrcrenl plIas(’ fdclors a w (’Sl)(’I’i(’1)(’(’(] ~CJl”difr(X’llf filldl CO]I(’ITIIC(?S.

This is t,ll(’ Iq to III(J s(’1(’ct.iol] or coherence lml.lllv~]j~,which is introduced

later.

The existenc(t of Inotr I lIa II I iw) (IIIcrg.v 1(’v(IIs for a quad rupo]ar nucleus in high-

field greatly co])ll)li(”ahis I II(L(’[[(’(”[of aII 1117])l]Isc 011(Ilc spii) system [Xi. 27]. In this

Cease, the relatiw Illagtlil.ll(lc ()( ~+~ aII(l ~’1 (l(~t(~rlllil)(’s LIIC (~x~I(d droc~ Of the pulse

on the spin sysl. ol)].Ill 011(”(’s11“(’111(’.\vll(’11 L&”l>> 4/. LII(I 1{1: I)IIISC is a had pulse

and 21lIllclear sl)ill IIIIldl (’s jIIsl Iilw a 11011-(l 1121(lrIIl)ol~II”” sl)i]]. 011 III(J olllcr hancl, if

UI << ~’~, LIICplllse is a S()[t I)llk(’ ;111(! olllj” t IIC (“(~111ral t.ral]sition is excited. The

spin then nlltalcs I + ~ lilll(s as fasl as a [lolt-(lllilclllll)ol?]t” sl)ii]. Itl Lllis respect,

()()0 ,),,ls(> l(.,,:[ II (or a (ll]i\(l l.lll)olill” Iluclms. i’vhen a softit is not uniql[e 10 (Iclil](’ .

000 l)IIIs(’ l(JtIg’1II IYII)OI.L(YIis 111(’so!i(l-slal.e pII!sc ]et]gth; \Vherl a.puke is L1s6cI, t.l~c .

hard pulse is instrad IISC(I. I !IC pII!sc Iel)gt h is Lllc ]iqllid-sl. ak pulse ]e]lgth (since in

the liquid state. III(’ al”(’rag(’(1 (lilil(ll”lll)ol~lt.rollplil]g col]slant is zero), Ivhicll is 1 + ~

., .”:. , 4 ,. ~,.<- .. .. . .
.-, -~.
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times as long as Ll]e solid-stab? pulse Imlgth. The dif~emnt definitions of pulse length

sometimes cause con fusion. We sha.1I go lm.cl{to the exci tat ion problem in chapter 3

when multi ple-quantu n~experi nlents am in volvecl.

2.5.3 F’ree Induction Decay

Free induction clecay (121D ) is the evolution of the spin system after or. between

RF pulses. The evolution is govcrnecl by lhe total IIa.nliltonia.n of the system, which

may consist of many int.crna.l spin I Iamil(.onians.

The evolution of the clensity operator is dmcribecl by

(~.114)

(2.115)

if ll~f~ is tiille-illclel~ cllclc’il[..

Free induction deciiy (Ioes not callse [.hc creal.ion and clestroy of coherence, thus

no coherence transfer is inVOIw’d. 1-1cnvevcr. a phase factor is sti II es perien ced for each

coherence.

In these equa[ iol]s.

–ill>{Jn
[:\?\I) = c . (~.11~)

and fl is a. sum of the shift lrwlllellcim cllle 10 cll(!miral sllili and 211d-orcler cluaclru-

pola.r interaction.

0 = L&’c’s+ d2Q (~.llg)

Some ilnporLanll lmillls arc \votlli IIot.il]g IICJW:

:)0



I. If the spill syslclll is ill /0 slat{’. it does Ilol evoli”c ivhcil Lhcre is no pulse

applied. /\s a I.PSIII[. JVIICJIa 90° pIIls(’ is appliml to Lhe Illagnct. ization

in the .x — y plailc, LIICfinal dcnsi(.~~ lr}atris l)as an 10 component that

does not evolve after l.lle plllse. T]lis c(~tlll>ollc]ll.c:]ll be l;ept for a short

tilne(ljf;lls oflllillis(:coll( ls[(~” many seconds) and restored by another90°

pulse. The pair of 90° l)lilses separate(l I)y a. short delay used for stor-

ing Illilgll(:t.izillioll is callml a ;-filter. Tllest.orcd lll:lgtlefizi~toioll actually

decays slo~vly during Llle (1(’lay l)(>L\v(wI[11(?pulses. Tl)e decay is the res-

ult of cxcllanging cII(’I.gj” lx> LIvmIl LIICsl)in reservoir and its environment,

and can b(>cl]?]l”;](”l,(:!”izo([I)y an (>sl)ol)(>l)liai (l(x”~]yIvitl] Linlc constant T1

(s]>ill-la.tjl, icelo(?l;lx;]l. ion) [X. W].

.11(J– .\/~ = .\/() (-//’/”’ (~,190)

Hem 111x is Lllc l“(’l]lilillillglllilgll( ’[izilli(~ll ill Lll(’2- (Iiwctiol) and /\/O is the

rllag])(:l.iz~]l.iol) \vlI(vI I.IICsj”sL(IIllis al (’(ll[ilil)rilt]ll. ;-filter is used ill DAS

tostor(' lll?~gll('liz~lli(jll:ll() [lglll(> z-asis{l lll"illSlll(> l“(’ol”i(’t](z]liol]ofsl>inner”

axis.

II. ‘rhe pl”lasc (actol” ll)al is ac(.IIII]IIlal (’(1 (Illring F’lD is d(’pcndcnl, 011 the

reso]lal]ce fr(’(111(’tl(”.v!]. ‘1’llis is Ivll(’r(’ t 11(’Cll(’llli(”ill sl)ift. 2111(1(I(la(lrllpolar

inljeractions cOIII(Lilllo l)ld.v 10 a[l”(xl L

111. rrh(: sllif[ fw([ll(’lt(”i(w[hf. III(J +1 :111(1

[f the +1 and -1 (“011(’1”(’11(”(’s;11”(’1)01II

1(’ !YJII{ Sl)(’ctl”a.

- I col]cr(’ii(vs lIa\”(Jopposite signs.

(1(’I(Y{(YI.Illirwr il])ag(> of ! II(: real

peaks is (~xl)(Yl(Y1.‘1’llis is II()( :1 I)IOI)I(JIII ill a silllljl(, oll(-)-(lilll(:llsiol]ill” NMR

experilllel]l. as 1II(’(1(’1(’(.1or mor(ls oIIly I l]{>si:y)al fro[l] /+ coh(wl]ce. In

a Llvo-(liill(’llsiollill” cslwrilll (’111. 1Ilis (10(’s (“alls(’ I)tx)l)l(’ll)s 1lIa L I)(>(’(ILo 1)(2

Lr(wt(’d Cal”ofllIl)”.

:1I
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2.5.4 Example: A Simple ID NMR Experiment

As an example, let us consider Lhe evollltion of the density matrix of a’spin system

in a simple one-dimensional N MR. experiment shown in Figure 2.5. We also assume

Figure 2.5: Pulse seqllm)cc for a. silnple o]l(?-cli]llel~siol~~~lNMR. experiment.

that all of the spins llavc the sa t))e resonance frecluwlcy W The experiment has only

one 90~ pulse ((j = O). ivlli(.h is folloud I)y qllaclrat.ure cleteclion with 4,. = 90°. The

density matrix at equili I)ralion is 10, ivllicl) after 111(?p{llse becomes a, mixture of ~+

and 1– (Eqn 2.109).

-Q++L)‘o-d (2.121)

This mixecl state after dcla.~~1 l>~colll(:s ( I;cln 2.1 17)

(2.122)

The signal is then CXI)IWS(I(Ias

,\’(/ ) = ( -ir/z‘/’/”(/)(/) /+) = C’.f”p(iw). (2.123)

which after complex Foil ri(v. lri]lls~()[-tll:l[.ioll. gives a. ($-fllnd.ion in the frequency clo-

ma.in.



l’he line observed ill a real Nhl 1{cxpcrill~etlt is l)cvcr a. &function hut has a finite

linewiclth. Since (he salnplc has a finite i’olun]e, dilferent, parts of the sample have

slightly different resonance frequencies due to the field inhomogeneity. l’his frecluency

difference broadens lIIC Nhl l{.spec[mln). 1m purities in a. sample may contribute 10 the

broadening as well. Even if all of these Factors (10 IIot exist, tl)e spin-spin relaxation

depha.ses the coherellcrs and still I)roadens the slx~ctra. Notice that a nuclear spin

is not isolated in 1he s.vsLcII~. its interaction lvitll environment could add a random

phase factor to Ll)e collct.eilce. ‘1’lliscauses tllc dcl)hasing of t.lle magnetization whose

net effect can ofljell he i~l)l~l”(>si[llat[’(1I)y a]] cxponelltiai decay with a time constant

Tz (spin-spin relaxation Lilllc) (:10]. [ncludillg (Ilis deca~? iln Ill]) 2.12:3 gives the

experimentally detected sigilal.

Fourier trzll]sfo[”I])?~lioflof II)is signal IcsII]ts ill a i.ol”(>])lxi:]f)-sl]:]l)cpeak at frequency

f-l.

2.5.5 Coherence Pathway

It is common ill .NJ!li f Ilal lllllllil)lr~ pulws are Ilsd. Sil]rc an RF’-pulse creates

and mixes col Icre IIc(Is 0[ [Ii(fcrell{ or(l(’rs aI)(l cacl) twlict”ct]cr evolves lvitll different

frequencies: a~lrr J))al])”l)lllscs. I.l]c reslllta]ll (Iellsil.y []lal.rix ln;ly lx: very complicated.

Even tho~lgl~ (11P(Ielc(lor (Jllly I)i(l;s Ill) I II(J - I (011(11(’11(”(’. 11](’Sign ill still colnes from

spins follojsrd di[lcr(’llt. I)allls :111(Iis (Illil(’ collll)l(’s. ‘1’llc COIICN,[ICCor(lcrs tl)a.t the

nuc]ea.r spins follolr calt I)(’sl)(’(”i(i(wllJj. ivrilillg t)lll ( II(’coll(~r(~tt(.(’lIIIIIllxIrs alo IIg the

path sequentially (coll(~rcllcc i>atllivay). For csat)ll)lc. in Figlirc 2.6, t.lle c.o]lerence

pathway desigllal.od l))” I II(I Iml(lc(l Iillc is lI)c O ~ – I ~ O ~ – 1 ])a.tll~vay, wllere.as

the clotted line is tllc 0 ~ + I ~ O ~ – I IM(I)tva).

In a rlllllt.il~l(’-l)lllst’\\ll{ exl)(,rilllrlll. 1II(J(1(’sir(,[l sigt)ai olt (’[l (Y) I])(’sfro[ll aspecific

:j:]
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Figure 2.(3: The coherence pathway for a. simple DAS experiment. The bolcled and
clashed lines are the desired signal.

coherence pat hlvay. To get rid of the signal from other pathways, we can add up signal

from many diflerent experi meats in ~vhich the phases of the pulses and the receivers

are systematical Iy increlncnl.ml (phase cycle). Some empirical rules that are used to
,

design correct phase cycles are Iislwcl below [31, :?2, :3:3].

I. The last pulse needs no pilase cycl(’ since l,hc detection ensures that the

-1 coherence is seleclccd.

II. If a. puke is clla]~ged ill pllasc I>yd. 1hen a. cohcwm ce undergoing a change

in coherence order O( Ly cxperim)ces a. phase shift of —Ap . ~.

III. If the cohermlce order cliallgm along a desired coherence pathway is

(Ap~, Ap~, -- . Lp,, ). tile recciw:r phase SIIOUICIlx: set Lo

to ensure

RF pL1lS~.

Ilc scloc(.iol) of Lllis lmt.hlvay. I-lere, q~ is the phase of the ith

:i’1~



IV. To mslrict the col]wm}cc Lrnlns~er(Indw a plllse to a particular change ~j)

iJl coherence O1”(l(’1’. \ve Jllil\~ pcrfornl 7)?(/)? > ]Ap]) experiments with the

RF ph?lSe

~i = 2/ii7i/lil, (~.1~~)

Wh(3Y3ki=0,1, . . ..???. – 1,

V. The above proccdiirc retail]s not. only (l~(~collt~rcllcel lll(l(:rgoes achange

Ap, bLIL also LI1OSO\vi 1,1]cl]anges cq(ial LOAp + 77m, Ivhere II is an inleger.

As an example, co[lsid(~r 1.11(’Coll(’r(’llce pa(!hwly of a sin)ple DAS experiment

(Figure 2.6). l-lere. hot I] t lle lmlded and Ll)c fiasile(] 1x1(hwa.vs are Lo be rela.ined.

The first pulse indllces col]erencc Lransfer l~itll Ap = +1. }\ccordillg to rule IV, this

pulse need to be cycled 1IIrollgl) al, lmsl IJso phases (0°, lSOO). According to rule

V, the phase c~cl(’ I.(’Isills all 111(’odd-order COI1(’I”(JIIC(’S, aIId re~ecls L]ie even-order

coherence. Sinlilarly. 1lIc swoilcl plllsr is cjcld I lIIwliglI llvo plIases (0°, lSOO) to

guarantee coherw]cc LIwIIs[m Ivilrl) Lp = +1. ‘1’l]r Ll]iId pIIlse CaJI be left uncycled

since receiver picks up LIIC-1 cohcrcnce order. I lsillg Eqil 2.12.5, Llle receiver phases

can be determined al]d 1Ile follmving -1-st (’I) plIas(? c~cl(’ is ol)tai])cd.

01 = OO.OO. lsOO. lsOO

(~] = OO.1So”. OO.[sOO

o: ~ = OO.00.00.00

or = OO.IN)”. ISo”. 00 (y.1~~)

In an exlwrill}clll 111;]1 i]lvoli”(>s a I(JI ()[ l)IIls(Is. it ll)a~ 1)(’ I)ossil)lc 10 leave some

pulses LlllCJ~Ck’(1. III III(J al)ol’(1 l);\S (~xl)(’rit])(’nl. t II(’ d(’ia~ ])(’1IV(Y)IIL]le second anti

third pLIlscs is :K)-(iollls(x.. Iv!licll is l(JtIg (’ilollgll ( Ilal collcrcl!(”es 01 IICI’[lIat] the zeroth

order (the /(, slalr) (Iisal)l)(wr (Iii(’ 10 rclaxalio!l. ‘1’llis [ilmlls Illat tltc Io[)g delay kills

:1.5
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all the unlva.ntecl coherenccw and phase cycle of [he scwond p[!ise is unnecessary. The

simplified two-step phase cycle is given l>elo~v.

() I = OO.lsOO

& = ()”, ()”

& = ()”, ()”

(j,. = OO,lsOO (~.lzg)

Moreexa.l~ll>lesofllo~~’ toconst.met corr(~ct j>ll~lsecj~cles a.re(liscilssedi]l chapter3.

2.6 Two-Din~ensional NMR

2.6.1 Basics

A tl~’o-di]llel~siollt]l P!hl R.espcri nlent Ila.s LIVOdistinct free evolution periods, usu-

ally separated I)y RF’ plllses LOenhal]ce t.ileillforl~l~].tio[l colltel~t, oftllesl>ectra. The

basic schemeof tile experilllo!nl is,sllmvn in Figure 2.7, ancl four different intervals

exist in the experiment. lllirillg l,llt’l~rf?l>ilra.tliorlperiocl, the spin systemis prepared

in a coherent state frolll LI)Oc(l~lilil)ra(.cci sta{c 10 [,llrough Rl: pulses. In the course

of evolution pcriml. tile spill sysLct]I is allmvod to ~lndergo free evolution uncler the

effective I-1ami Iton ia] i l/},\~lj. ‘1’11{’sllpmsci p!, designates that (Jllis I-la.miltonian is the

Ha.rniltonian dllril]g 1110first cvolLII ion period. Tl)e evoll[tion periocl is made variable

in a tI!~o-clilllellsi(jll:ll {!xlx’riillelll. allmvillg l,IIc sal]]])lil]g of ll-evolutjioll. The mix-

ing periocl may colwisl (Jf on(” or tnorc I)lllsm. sclmra.Lcd I>y consLa.nt interva.ls. For

example, in Lhc ]><\S (’xlx’rilllf’llt s]imv]t ill ]Tig(lrc Z.6, Lhc socoi)d and third pulses

separated by a tinle il][(w~ll (:-filt or) coluprism 1II(’ mixing lwriod. The mixing pro-

cess introduces pcrturbat.ioll Lo l.l]r spin system so that 1,11(!effective Hamiltonian

after mixing period ( 11}~~11) is oll w] di Kerent from H}~~~. The detection period is

similar to tl)a.[. in a oil{’-flilllt>llsio[li~.l”rxlx’rilnrn[.

:Ki
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Figure 2.7: A schwl]ai ic diagram of a ltiv(~-cliill(~[lsio]la.lNkl R experiment.

Assuming that Lhc (re(lIIeIlCy sl]i~ts in Ll)c evolution period and the detection

period are O I and flz rml)ccti l.cly. Llle signal fron] a I.ivo dimelwionai experiment can

often be described hy Llle l)rodllct of LIvo frcr in(l~lctioll decay signals.

2.6.2 Pme-Absorptioll Phase 2-D NMR Lhleslmpe

Fourier t.r:l.llsfol”lll:l.lioll”0[ l~(ltl 2.129 ac( (lallv (Iocs I)ot giv(! a spectrum with best

resolution. Thr ~IYIqIIPII(”J”slwc( 1“[1111COIIIsills I~(JgaI iix’ illtensit.v (dispersive) and does

not have pu w pllasc. ‘]’0S(Y’ [ 11(’ l)l”olJk’111 (“]C211”I)”. (“ollsi(l(’1” I II(’ ~olll”i(~r transformation

of the tz di[]~ellsioll of l~(ltl 2. 12!).

‘1>
.-t(&’.0) =

I + (A”– Q)17;

7, .-, .-. ,.. .
,. .,.-., T’TT: <?. ,....: <.,-:---,. ... L,T

::?,



D(&’.f)) =
(Cd– Q)’r;

1 + (id – Q)w:

After a second Fourier t.ral~sforllla.tioll, the signal in the frecluency domain is then

S(WI,L+)= (.4(4,0,)+iD(ti,, Q,))(A(L’2, Q2) +iD(~2,Q 2))

= /-~(k’,,f~I).4(ti2,02) – ~~(~1,fh)~(~2,~2)

+ ~(.-I(~l, 01)D(k12, O2) + D(M, fl)A(u2, ~2)) (2.133)

The ima.gins.rj’ col~~]3011[~iltcan lJt~clroIIIIccl IloI\I~I.IIcl(,ll(~realconll>ollellt isclisplayecl.

The real con~l>ollellt,coil(;lills !,IIc – D(WI. Q, ) D(wz, Qz) term which Iea.cls to a phase-

twistecl lineshape. TIIe dmirccl signal is .-I(w1, !21).-l(ti2, !22) drily.

One of the solutions (S1.alC:smetl)ml ) [34] is to acquire the data in a hypercornplex

fashion. Insteacl of recording a single cla.tasel,. t~vo da.tiasets 5’C(il, tz) a.ncf Ss(tl, tz)

are recorcled scpa.ra tcly. Jli].1l)elllil.1.ica.lIy. the t~vo signals correspond to the cosine

and sine portions of Lhe sig]]ai ill LIIc 1I dimension.

‘$L-(~1.~2) = cos(Q, /,)e-(fl +~’)/T2ciQ2f2

,s.$(/,. /J = sin(flll[)e –(ll+f2)/T2eiQ2f2

Fourier tra.llsforll~~~.tiollabou(. Iy is then separately done on both cla.tasets.

,$c(/ 1,&’Z) = cos(f21/l)c -/1/’~i(.~(~,,Q~) + iD(ti2, Q2))

,$.,(il. &IZ) = sill(fllll)c –fl/~~(.-~(*12. 02) + iD(d2, 02))

(2.134)

(2135)

(~136)

(Q.137)

The imaginary coIl~ INII(VIIs or 1)0[,11da[.ascts are tllc[l dropped ancl the real conlpon-

ents am comhi[ld ill)[)r(jl)[.iill(’1~.1.(J fOI.1]]a (Ial awl

#+(/1.&’~)= .4(L&’~.fl~)(-11/T2c-.-if2111. (~.13/3)

The Fourier transformai iol] or {his flat asd. ~vitll respect to 1, is

5’(GG’,.4) = :1(*’2. QZ)(.’I(J,. Q,) + iD(Ld,, Q,)). (2139)

:{s



Only the real channel 01 i.l)is signal is shmvml aIId III( slwctrum is of pure-absorption

phase Iinesl]apc.

In the simple DAS cxpmiment shmvn ill Figilrc Z.6, the boldecl line gives the

signal in ~qn ~. lZ!J. In or(]er Lo get ,$’Cal!d t$~, it is essential to retain the coherence

pathway designatjml by Lllc daslie(l Iinc. Tl)c signal col”l”c~sl~oll(lil~gLo tile clashed line

is

,$/(/,, /2) = ~-fl/”/ie -l fllt(,-12/7+1f22t (2.140)

The detected sig[]al is LII(:II

is usecl.

The sine part of [Ilc sigl]al CaII I)c ol~taitld by p]iasc shifting the first pulse by

-90°, and keeping 1II(’ pllascs 0( all othor pillsm IIIIClIaIIgml. The dclmctecl signal is

thus

,-- ,;,.. , -; .. :r----,,~ ., . , ,. - -. .., - -=-.:.,- ., ./y.>.,

(y.143)
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Chapter 3

High-Resolution NMR of Quadruples

In the preceding cha.pt.er. (,11(:orients.tional clependence of the chemical shift and

quacirupolar intcract.ions Ivcre derived. Conventional sample spinning techniques

(magic-angle spinning (J1 ~\S) a])(l i~a.l”ial>le-a.llgl~:spinning (VAS)) are first introduced

in this chapter and are slIoIvn 1c) k ineffeclive to average out the 2ncl-orcler quaclru-

pola.r interaction. 1~~’ll?llllic-il.[lglespi nni n.g ( DAS) and Illllll,il>l(”-(llla.lltllln magic-angle

spinning (MQMAS ) n)el.hmls arc then presented lvllich reconstr~tct high-resolution

isotropic spectra. for quadrllpola.r nllclei. Ikperimenl.al results with both techniques

are shown a.ncl compaml i II dcf ail.

3.1 Magic-Angle and Variable-Angle Spinning

Ma.gic-a.ngle spi nni llg (N AS ) \vas firs[. clcveloped 12J{t\ nd relv [35, 36] to remove

heteronuclea.r dipolar collpli ng and chelnical shift anisotropy that a. spin-; nucleus

experiences. Combined ivith cross polarization ((;P ) [1:3], it allows routine rapid

collection of l>rol)otl-et]l]~lt](”(’(l‘:)C’sprcl.ra Jvi(.11Iiqllid-lii;e rcsolll(jion in most solicl-

state Nkl R lalmra.t.orics [I-I]. ‘1’1)(’IJrillciplcs of the hl~\S i,ecllnique lvere discussed in

chapter 2, tvhcre the lsl.-or(lcr fIwlIIcIIcy shift dIIC 1.0cllcll-lical sl)ift was written as

J“”s(o(’”$..l(””$)= U,’;,(.,+ .-p(c) “$..3(””””)P2(COS(1) (3.1)

The symbols all ha.vc (Iloir CO[])1I1OII]Ilrallings. [t is illsla[lt.il.llc’o(lsly clear that spin-

ning tile sample al tllr Illagir-;lnglc ( ll:\S. O = .5-1.74°) averages oilt, tl)e orientaLion-

clepenclent Lernls ill 1he almvr cqlla( io[l ( l~z(ros 0) = O).

Figure :3.I is I.IIc sillllllalml slalic a[l[l Ll:\.S spec( ra of a spin-; nucleus a.t two

-’10



MAS, @r=l 5kHz

b

MAS, ~r=3kHz

A 1 1 1. II
I I I I I I I 1

-15 -12 -9 -6 -3 0 3 6 9 12 15

Frequency (kHz)

Figure 3.1: Sin)l]la.tCxl s(.atic and hl.i S spectra of a spin-i nNclcus. The parameters
used for simulation are (\i.,,,= O.OpptJl. 6(”.$= 100ppnl, qc~ = 0.0, WO= 1OOMI-IZ.

spinning rates. .4s expected. h IAS rcmrwes (I)e al]isotrol~~ of chemical shift inter-

action, leacling to a. sharp Ixwk at III(’ isol.ropic cllrnlical shift position. It is also

clear that additional Ii]](’s in?ly al)pear at (;is(, + 11~’,.lvllcn I.lle spinnit]g speed Wr low.

These lines arc spil)ning sidrl)atl(ls tlIat COIIICfIWII)t II(J t]]odulatiotl of the free evol-

ution by the sample rol.al.ion. ‘1’lle Illo(llllatioll originates froill tllc til)le-dependent

terms we IIcglwlml ill l;(lIIs ?.(is ?III(I ?.;[i. aII(l \vill 1101 IJ(’ cotlsidcrc(l ii] detail in this

thesis [21, 22. :1;]. E’or Ilmv. IV(’(“(JllSill(’1”OII[j” I 11()isol r(~l)ic silos ((”(:111,(’rl)?IIIc[s)in the

spectra. Ex]~c?l”ill~(:llt,:~lly.(lis(”lilllill~l[illg c(,m(:rlMI~(ls [tom sidebands is overcolne by

perfor]ning III(~ZISLIr(JI~IfJIIl,Sa[ tivo sl)innillg ratrs an(l t.lIr l>(~alistl]at do not shift will

be the isotropic sites.

MAS is also clficicl)l ill r(v)loi”illg I.IICIS1-or(lcr ~llladl”lll)olar intmactiol]. Again, sidebarrcls

11
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are expectecl [19].

IQ a(h. – 1)/icQ 3 C(E2/3Q– 1 l]Q
wm/+m-l =

41(2] –]) P2(COSO)( p
+ ~ sin2 @ cos 2crQ) (3.2)

The clificulty is, however, that. the lst-order qllaclrupolar interaction is often so large

that the satellite t,ra.nsitions (m. + m – 1 transitions , m # ~) that are broadened by

the lst-order interaction arc not observable (see [17, 1S, 19]) for opposite examples).

The central transition is (Ilrther broa.clenccl by 2nd-order cluadrupolar interaction,

which has scalar a.ncl I?z-, F?l-dependent terms that give the frecluency expression

below (see also, Eqn 2.S I ).

Q Q L;Q)’F’Z(coSo)+ .-lj@Q,pQ)R,(coso) (3.3)u2Q(a’Q. pQ) = & + .42 (0’ ,

The dependence.s of fj(cos 0) and P,l(COS0) on tile spinning angle 0 is shown in

Figure 3.2. It is obviolls I.]lal Rz(cos 0) = O ailcl Rl(cos 0) = O have no common roots.

This means that spinning Lh(Jsari] IJICat tl]e magic-angle (M.4S) or at an. angle other

than 54.74° (~~a.rii~l~lc~-~1.[lglcspin ni ng, V51S) is not e~ective for the removal of the

211d-order qtlad rUpol a r an iso[.rol~y. }\s all exalmple, Figure 3.:3 shows the 23Na 9.4T

static and M}\S spectra of INa.zC-z0.1. The MAS spectrum is narrower than the static

spectrum by a. factor of 5. IJULis still broadened to 41{1-Izl~y the resiclue 2nd-order

qua.drupola.r interac( iol~.

To further clemonstratc the cf~cct,ofs~].llll~lcsljirli~iilg on t,he quadrupola.r lineshapes,

Figure :3.4 sholvs tl)e si n~(ilate{l spcci.ra fvit.h cli(~erenl. {IIIadrulmlar asymmetric para-

meters (qQ) and spinning angles (0) [3S. 39]. 1{ is interesting that when q~ x O,

spinning the sanlljlc at 79. t9° or :l’i.:ls” givrs Iw(t(rr resolution than MAS [40, 41].

Nevertheless, this is not true when ]j~ ap preaches uni Ly, ancl the spectra are rarely

as sharp as the NI.AS slwcl ra or spilb~

m~lltil>le-clllallt.11111Illagic-allglc sl~illnillg
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come this resolution problem and lvill be discussed primarily in this chapter. Altern-

ative solutions such as douhlc rotation (130R) a.ncl dynamic-angle hopping (DAH)

are also briefly discussed at th~ end of this chapter.

3.2 2nd-order Averaging: Theory

The analysis in section 3.1 reveals a. major problem to overcome in the NMR of

half-integer qua.clrupolar spins. The central transition, which are not broadened to

the lst-orcler by cjuadrupola.r in(.maction, remains broacl under MAS or VAS since the

frequency expression for 2nd-order ql[adrupola.r interaction contains two anisotropic

terms that depend on PJcos 0) and F?I(cos 0) respectively (EcIn 2.S3).

w;Q*_m = co(I, ???)ti::+C’,(/. )l)).~!f((YQ,3Q) R2(coso)+c2(I,772 )r47(aQ, pQ)P4(coso)

(3.4)

3.2.1 Hahn-Echo Experhent

The simplest, experimml( tlta.t. removes the 2nd-order quac!rulmlar broadening, is

the I-Iahn-echo expcrin~cn(. The experiment consists of a. W* (01) pulse followed

by a clelay 11/2 fol Iotvcd I-)ya]) ISOO(~jz) pulse follmvecl by another delay tl /2 and

then a.ccluisilion Ivi(.11wwivcr l)lIase o,. ( Figure 3.5). \\7hen L, is incrementecl in a

two-dimensional fashiol]. this oxporinl~n[. allmvs the mcaslircnlent of the intrinsic T2

rela.sa.tion time.

The observecl signal ill this exlwrilllc[lt may hc calculated as follo~v. The initial

density ma.t,rix {0 evolves d Ilri llg [ I)c fiW( pLIlse iNtc)a mixture of t.~vostates.

(3.5)

-1-1
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Figure 3.5: 90°-1S00 1tal]n-echo secluence and coherence pathway. This sequence
allows the measurement of intrinsic spin-spin relaxation time Tz. The sequence re-
focuses the 2ncl-order qua.clrupola.r interaction, together with the isotropic chemical
shift a.ncl 2ncl-orcler cluadrupo]a.r shift.

The states continue to evolve unclm the drective ND Ha.lmilt,onian for a. time tl/2.

When the lSOO pulse is a.ppliecl. [he s~wtem evolves into

(3.6)

(3.7)

which t,hen evolves for a l,inle i I/2 before filtal detection is done. Since evolution does

not result in any cohcrellu’ transfer. the only cohcmncc l~e neecl to consider here is

the -1 coherence.

(3.s)

5’(~l, i2) = –—
C-(I, +t2)/TQ(.,–i(dJI–2@2+d~r)eiQf2 ryr[~_ ~+]

h’
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(3.9)

Except for the 7’2decay. this signal lIas no LI dependence. The dephasing due to the

chemical shift and qIIadr~Ipolar intcr;lcl, ions in the /1 dimension is refocused, and an

echo forms at the start of 1II(>acqllisit ion. An isotroi)ic peak is expected in the tl

dimension (Figure :].(j) as all of [ IICanisol)ropics ar(’ rc[llow?d.

This method is in fact. not sllil.ahlc for practical applications since it does not

discriminate chcl)lica] si(cs Ivitll di([crent isotropic sllif{s or quadrupolar coupling

constants. The 1S0” PUISIJt.dOCWX’Stll(’ ew)ltllioll UIldCr isotropic shifts and a single

zero- frequell cy lxw k is olMIrlxI(l in [ Ile isol ropic dilll(’llsiol] ( l~ig :1.6). The desired

techniclue Jvould ii] I)rincil)le. rrfoc(ls 1Ilr (Icpllasillg dlie 10 the allisotropic terms in

Ecln 3.3, but would noL refocus 1he cvolut ion under tl]c isotropic shifts. 130th DAS and

IvIQMAS acllievc (I]is ~oal. DAS accolnplisl~cs this selective averaging spatially, by

spinning the sat]ll~lc at Ilvo ailgl(is seflllcllliall)-: !IQLI.AS, instead, combines sample

17
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spinning a.ncl m~lltil~le-(l~lt~.l~tllllltransitions to achieve this purpose. In DAS, the iso-

tropic evolution is not dislj[lrbml so t.lle ohservccl shifts in the isotropic climension are

the same as those observed in DOR. or DAH; h4QMAS, however, partially refocuses

the isotropic evolution so the observed shifts, only after correct transformation, give

the DAS shifts. In this respect, both DAS and hlQMAS are special types of echo

experiments.

Two points are wort.11 Iloti ng here about the echo experiment. First, the above

derivation assumes that the 90° and lSOOpulses are. ideal so that no signal from other

coherence pathways is obscrvecl. Exl>eriInel~t~~.11~’,phase cycle must be exploited to

ensure that the correct pa.thfvay (O ~ +1 ~ – 1) is selectecl. A four-step phase cycle

is given below.

& = 0°,00,00,00

(/)2 = (-)”,(JO”, 1so”, ~~()”

Pr = 00, lsOO,00, lsOO (3.10)

Second, the tl climension in a t.ii’o-clil~~(~llsiolla.lexperiment can be broken up into

many intervals. ‘rllis gives us more fwdom to prepare the spin system to achieve

desired a.veragi ng. II) facL. the i, dilllensions of l)}\S and MQhl.4S are both broken

up into two separated [Iime intervals.

3.2.2 DAS

Figure :3.7 sholt’s the’ 13.4S cxpmiment. (the plllse seq~lence and the corresponding

coherence pathway [1]. 1n I.llis cxperi mcl)l.. the sa m p lc undmgoes free precession after

a 90° pulse with Llle sanlpl(! spinr]ing al. a first, angle O] for ~. Here, l; is a constant

that is defined later. A second 90° p(ilse stores half of the magnetization along the

z-axis, after which the spin IIer axis is flipped to Oz. A third 90° pulse then brings the
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Figure 3.7: DAS csperilllf~n[. aII{l l~u]se S(KIIICIIW. Jn this experiment, the value il
is incremented in a t.it’(J-c]ill~(>!]sio]l?\i fm!lioll. ~uri]]g L]]e time interva] between the
z-filter pulses, (Ol]rspillllil]g angle is fliplx’d fron) 0] to Oz. TIIC /l dimmlsion gives the
isotropic DAS spcctr[lnl.

stored magnetization to tlIP tIwIIs\”vIxc pl;IIIe (rPl]is ])air of 90° ])ulsm separated by a

time interval is l.ermd as a :-(illcr. 11 belIavcs as if llIr densil.)’ matrix lvcre the same

before ancl aft cr tlIc :-ii II.cr. ‘1’llis is II”llt’\vlIcil appropriate pllasc cycle is pcrformecl).

A I) AS-CC1]Ois forll~ml a[. % ;Ifl(ll. II](. 1IIil.(1piils(I and ac(luisitio!l starts exactly on

the echo top. r~~:ill(”t”(’lllf’lllillg /1 ill a Ilro-{lilll(’t]sioil:]l” I_asllio [].a (lvo-d imensional

dakset is acqllirc(l lvllicll. afl rr Follrier Iral]sforlll. has aII isol ropic Ll dimension.

To see IIOIVtl)c 1).4%IcI)0 is forlll(’~1.collsi(l(~r [.llr ?tld-or[lrr (l~iadrul)olar frequency

,,.-.,,. ., ,.. ...&.....
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expressions at two angles.

Unlike the I-lahn-echo experiment, in both parts of the echo time, the -1 coherence

pathway is selectecl ancl the isotropic evolution clue to 2ncl-orcler quaclrupolar shift

and the isotropic chemical shift is preserved. To get ricl of the a.nisotropic terms,

61 and Oq are chosen to have opposite signs for p~(cos 01) and Pz(cos Oz), and for

PA(cos QI) a.ncl Rl(cos 02).

P~(cos o*) = –k, P2(COS02) (3.13)

P,(cos o,) = –k~ P’,(Cos 02). (3.14)

It is interesting to see what, happens when /:1 = k2 = k >0. In this special case, if

another function on C@ and j~ is clefined as

4Q(clQ, }jQ) = .4:(oQ, /3Q)/32(cosf12) + .Af(cl’Q,pQ)Rl(coso2), (3.15)

Eqn 3.11 and Ecln 3.12 can be re~vriLt.en as

The phase factor cxpericncml hy a. quad rllpolar spin a.t tile start of the acquisition

time is

(3.18)



80

IL

02

~

so 60
4 ----- ----- ----- ----- ----- ----- ---

bO [

I ~ 3 4 5

Time Constant k

Fi ure 3.8: DAS angle pairs M a fllnction of k.
%

The angle 0, and Oz ares olutions
to ‘cln 3.20.

The derivdion assumes tl]at I.l)c c-[ill.er dots [Iothing but restore the density matrix.

The assumption L]la.t ~{1= /;z = /c leads LO,

/’2((.0s 02 ) /?,(Cos02)
/’2((-0s0, ) = P,(cos 0, ) ‘

(3.~o)

whose solution giws 0.S < 1: < 5. l;igllre :).S slIojvs I II(I l>:\S aIIgl(I pairs as a function

of parameter 1:. TIIC 11)0s1 lwl)llliirly LISA I)airs arc 111(’Ii = 1 (:17.:1S0?111(179.19°) and

the k = .5 (O.OOOanfl (i:l.l:l”) I)airs [12. 4:1]. The cllctl}icai shill anisolropy (CSA) is

also averaged o111IJJ”D:\S. ‘1’0S(S(J1his. colisi(lrr 1II(Jm.olwxl pllasr dllc to tile chemical

shift interaction.

= *’,.,,,1,. (:3.21)

.7I
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The evolution under the anisotropic cllcvnica.1shift. is refocused at. Ll. The total phase

that a quaclrupolar spin experiences after tl evolution is

&’s(i,) = (W,,. + U?:)h

and the observecl shift ill D~\S (in the unit of ppm) is

~DA”s= si~o + ~~~~.“

Here,

(3.22)

(3.23)

(3.24)

A DAS-spectrum of RIJNOS is shown in Figure 3.9. There are three different

rubidium environments in this salt, corresponding to the t,hree isotropic pealis in

the DAS spectrum [44]. /\lso sho~vn Ilere is the one-dimensional projections in the

isotropic (l-D DAS spectnlrn) and the anisotropic dimensions (\~.4S spectrum). The

projection in the anisot.ropic clilnension matches the \~AS spectrum at 79.19°. Since

the three rubidium sites are ~vcll-resolved in the D;\S dimension, ~vecan even add up

the intensity for each si1e respccti vcly. ‘~his gives LISthree \~AS spectra. in Figure 3.9,

each of which can be separal.ely simulated to give quadrupoiar pa.ramet,ers.

3.2.3 MQMAS

In DAS, only the spinning angle is rendered to achieve lligll-r(~solllt,ioll. There is

another clegree of freedom in Eqn 3.4 Lila.t is Ilot Ivell-exploited. The c]llaclrupolar

Harniltonia.n associated Ividl tl]e symn~et.ric. lll~ll{,il>le-(llla.l~tlllll tm.mition also has a

similar format 1s0 tchal of thr c(’111ral 1ratlsiliol). a IId CaII IN’ ulrilized to construct

isotropic spectra.

In MQMAS, tile sample is continuously spun around the magic-angle. Strong RF

pulses (Lusually ivif.h Ellc’Ilighest achieval)le po!ver level. ancl tile pulse is termed as ex-

citation pulse) are appli(xl 1.0crrate a l.1.illlc’-(lll?llltlllllcoherence from the ecluilil)ratecl

.5-2
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Figure 3.10: MQLf+\S experiment.. plllse sequence and coherence path way. In
this experiment, the value t 1 is increlnenl, ecl in a t~vo-climeilsiona.l fashion. The
-tI dimension reconstructs the isotropic MQMAS spectrum. For spin-~ nuclei, the

O ~ –3 + –1 path~~’ay is selecf.cxi; For spin-~ nuclei, lhe O ~ :3 -+ –1 pathway is
selected.

spin state /0. Such a collrrwlce evolves ulldcr tile t.ril>le-(llla.llt)llill Hamiltonia.n for *,

before another pulse (reconversion pukr) is applied to transfer the triple-c[uanturn

coherence into sil~gle-cl[l~]llt.1111~coherence. r.ilm D.AS. an MQM.4S echo is formed at

& after this pulse. Tllc experilllcnt. IJUISCscqucllcc and coherence pathway are

shown in Figure :3.10 for 1 = ~ ancl / = ~ nuclei.

To see how an MQMAS-CCI1O is formccl, assume 1 = ~ and O = 54.74°. The Pz-

dependent term in 13qn 3.4 is dropped ancl the frequenc~~ expressions for the single-

.71



Assuming that

k =
c2(I,:3/2)

C“2(I,1/2) ‘ (3.27)

that C2(l, ~) and C2(l, ~) I)ave di(rerent sigl)s (Ivl]ich is true when I = ~), and

that the –:3 ~ – 1 col]ercnm lmth~vay is selected, l.l]c phase factor experienced by a

quaclrupolar spill at

——

(3.29)

For the second Lo lasl (~tlllali[~.

,, = _c’2(L:3/2)
(’~(/. 1/2)

(3.30)

is used. Similar 10 l):\S. III(’ atlisotrol)it”” l)llilS($ is (.aII(”(Jllml 0111 2]1 /1 2111(1aII echo is

formed. It is IIolj’f’vcr. Ivorl II 1)01il]g”I11?111I)(’(’i”OIJ’(vlJ)lla.s(’0( a (Illadrllpolar spin at

,, = (’[,(/.:1/2) +( ’(,(/. 1/2)/i
1.

I + /,”

.?.7

(:3.31)

.?i‘, “ .; : ~-;.,’ ..-- .. . . .
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The removal of chemical shift anisot,rol)y (CSA ) by MQhlAS is obvious since the

sample is rotating a.rouncl the magic-angle. ‘1’lIefrequency shift due to chemical shift

interaction is however, clifferentj from that in DAS.

The fact that the chemical shift of n? H –m. transition is %72 times as large <asthat of

the central transition is used in the ah-xc equation. The scaling factor ICIis defined

by

(3.33)

The experimentally observed shift i]] the isotropic dimension of MQMAS is a

cornl>ination of the isotropic chemical shift and the 2nd-orcler quadrupolar shift.

~’lf~f~l}[.$= ~t,ji,~ + ~:2JR,, (3.34)

This shift is cliffcrcnt from the D.4S shift.

Figure 3.11 shows the AIQ31AS specI.rIIm of R IJNO:l, together with the ID pro-

jections (11) hlQJ1.AS and ~1:\S SIXXIK-I). (“’oImM Id LO Figu rc :3.9, the observed

chemical shifts for LIIC>l:hrec sil M arc di [~mcIl( in IJOLIIexperi nwnts, as a. result of the

scaling factors (L;I a [Id /:2).

The assump[,ion tl~aL(“2(/. :1/2) aIId <’2( [. I /2) lIa\YJ opposite siglw can be dropped

without changing [.hr I]ri]lciples of I.IIC \l(>ll!\S cxpcrimenl. If they instea.cl have

same sign ( 1 > ~), the O ~ +:1 ~ —I col]erence pa.1.ltiw].ycan lx: chosen, to remove

the anisotropic part of tlIe 2nd-ordPr qIIaclrLIpolar interact.ion. This is shown in Fig-

ure :3.10. The phas(’ cycle tl]at srlrc[.s LIICapprot)riat.e cohcrcnce pathway is discussed

in the next section.

.56
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Figure 3.11: ‘1’ivcj-(lilll(~llsiol]:ll‘71{1) :l(~l[:\S spectrulll of I{I)NO:J and the projec-
tions in both (Iilllcnsiol]s. Sillglr silt’ lI;\S spwtra for each isotropic peak in the
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I ‘m. Coherence Pathway /< k~ k~
3/~ l/~

3/~ 0+–3 +-1 7/9 17/s -5/4

5/~ lf~
3/~ 0+3+–1 19/12 --17/31 10/31
5/~ 0+–5+–1 ~~/1~ s5/37 -50/37

7/~ l/~
:j/~ 0 +3+-1 101/45 -17/73 10/73
~/~ 0 +.5.+-1 11/9 -17/10 1
7/~ 0+–7+–1 161/4(5 14s/103 -140/103

9/~ lj~
:3/~ 0+:1 +’-1 91/:36 -17/127 -10/127

5/2 0+.5+-1 9.5/:36 -13/1:31 50/131
7/2 0+’7+–1 7/1s -47/25 14/5
g/~ 0+–9+-1 :31/6 79/55 -50/37

Evelltllollgll tllc;l.l>ol’(:( lis(:(lssio[l ~oc[lscs (~]ltlle c(J13113i11a.tionoftriple- and single-

q~lantllm tra.llsitliolls, ol)ll('r l131111;il>lc-Clll?lllt.lllll tra]lsiliolls (5/2 H –5/2, etc.) can also

be exploitecl. The k (EqN 3.27). /il (Eqn :3.%3)and /:2 (13qn :3.:31) values are different

for different transitions. Tl]csc values. l.ogel.her Ivilh Ihe relevant. rohmcmce pathways

that are chosen to achicw selrctiw? average are sI101v]]in Ta.bk: 3.1 [4.5].

3.3 Phase Cycle

The acquisit.ioll SCII(*II]CSsllmvll ill l:igllrm :1.’i atld :1.10 do nol lead to pure-

absorption phase DAS or ~[Q1 [:\Sspcclrra cw?i) if Ilyperconlples da.tasets are ac-

quirecl. Recal 1 from ch apt.m 2 (,I1a t mirror iI-nage 031lcren ce pa.thwa.ys are required to

give p~lre-allsorl>t.io[l pllast’ t-ivo-(li[ll(:llsioll:ll spectra.. For I) AS, the +1 pathways are

to be retaii]ecl in 1)0(.1]Ilalvcs of 1Ilc / I mwllll)ion Lime. For MQiV }\S, the +:3 pathways

.5s



are to be retained in l.ll(>firsl Ilaif. and Lhc + 1 palh~vay.s arc necessary in the second

half of the t, evolution. 1]) Lhe original seqilc]]ces, 1l]e receiver delecls only the -1

coherence during lhe second half. Lhlls the del.ecled signal is []]

S’L.(i,,/~) = c‘(~[+’z)t~z Cos(f)l tl/2)(in2t112eio212 (3.35)

.5’.(1,,12) = f .iC1.2tL/2eif22tg-( f,+/2)/7i s;,l(n, /,/2)(- (3.36)

It is not possible to get 1)(1[.(~-t]l)solj)tio]lplIase spectra from these t~vo datasets.

The first modification 1.0 1).4S Lo overcolne Lllis I)rol]lem is to have a z-filter at

the time the l) AS-CC1](J forllls [.16, 1;]. “1’11(?filler Illixes 1+ atld 1_ coherence and

stores the IIlzlgllf>(.iza(.iollilloll~ :-axis al)d Ial er rf’stores it. ‘1’llis a Ilows the retention

of +1 coherence in Iml II halws of tllc I I period. The method has also been applied

to MQM.4S by AIIIOIIIWX [;1S] and \\’inlperis

lineshape is ohtainml, onc Ilalf of [lie signal is

better approacl] Lllal. is l[sc(l ill (JItr (Jxlx’rinlml{.

(~fj]. \.\~]liIC pUre-absorption phase

lost dtle LO [Ilr use of =-filter. A

fvas (irst prol)ose{l by {;randenetti

[50] to gel puwphwc l>\S s,w~tra: d sin]il;ir apl)roacll is also tiseflll for MQM$\S [.51].

Figure 3.12 shofvs LIIc IIlodi(iml D.4S aIid llQh[.4S scq~Imccs. The ]najor difference

between the nctv SO([II(’IIC(ISall(l (.11(’original ot](’s is 1IIa( 1IIC ac(ll[isit,ion starts right

after lhe ]asl pIIls(:. This coII”(IslxjIIds to a Acfilliliol] of 11 at)d /z. For DAS, the

evolution al the ~irsl angle is [Iolv 11 at)fl 1110evollllion al tllc sccolld angle is t2.

For LfQhl,4S. Lhc rlwlllfioll 1111(1(’1”(lie flll)lc~-(llliill([[ltl J[amilto[lian is t, ;Ind that

under Llle sillgl(’-(lll;llllillll Ilillllill(j[liall is 12. ‘1’llis CI([illilioll l~lac(?sa. shifting D.4S

(hlQMAS) who ill t II, /J ,Iill]tllsioil ill Iilllc ~{1,. \\-llfll 1l), CIata is ]Jroccssml like other

two-tliln[;]-lsiotl:]l dala Ivil 110111Illf)(lifi(:]li(}tl. a peak lvit II a slol)c Ii is olw:rved. This

peak correlalrs t)hc fre(llicl]cics ill Iivo (Iit]lcllsioils. :\ coIIi(>IItiotlal D:\S (NIQN1.AS)

spectrum can hr ol~lainml 1).vsll(vtri]tg t.llis s]x’ct rIIIIl lvil II aIIgl(~O [.52, .5:1,.54].

fl=lal] -’)(” (3.37)
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Figure 3.12: Hylmrcomplex
designated by the bolded and

Di\S and h’IQh’1.4S experiment. Coherence
clashed Iilles are hot]] m(,a.ined.
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l>!\S cosine

41 0° “00 1so” lsOO

42 0° 1so” 0° lsOO
43 0° 0° 0° 0°
($,. 0° lsOO 1so” 0°

I)AS sine

A 90° 90° j)~(y ~~()”

42 o“ 1So” 00 Iso”
P3 0° 0° 0° 0°
d.. 0° lsOO 1so” 0°

Table 3.2: I-IYI>CJI.COIIII>I(:XD.4S phase cycle will] rddinition of t, and tz.

This definition of IIIC Iillle axm is w~ry similar [.o the definitions in other two-

climensional expcrinlelll.s. [ Isillg the nllcs in cl)apt er tivo, phase cycles for DAS and

MQMAS can be dcriwxl (’1’al)les 3.2 and 3.3). For f).4S, the derivation has already

been worked o[tt ill chal)lm” 2 for IIIC cosillc part of Llle sigl]a.1 (RIII 2.127). The

sine part of tl)e sig[lal is obtained lj~’ adding a 90° phase shift to tl]e first pulse,

and keeping all other pulses Ivitll their original pllascs. The phww cycle is shown in

Table 3.2. For MQh’f.4S. the cl)angc of the coheren(.e ordm z3p is +:3 during the first

pulse thus a six-slcp pllas(~ cycle is ticecl(’cl to select Lllese Livo collerel)ces. The last

pulse is left uncyclml so t hc to[ al tl~tnllwr O( s(eps ill a cycle is 6. Tl]c receiver phase

is set I)J7

(>,.= —:h>l + ‘lo~. (3.:3s)

The first-pulse IIWYIS10 Iw lJIIase sliift(~{l l)) :10° (illslca(l o~!H)O)[o get LIICsine portion

of the signal Iwcalisc I II(J1ril)l(’-(lllalll 11111collcrcncc experiences a phase shift three

times that of tllc si[igl(’-(lllaill IItII CWIICrrIiCC alkr a I)(IISC apl)lic(l Lo /0. The phase

cycle is sholvn in ‘1’able :1.:1.

h40st of l;lle spwl ra I)IWCIIIC(I ill 1his lllesis. are I101v[Aw, obtai nd wing whole-

-.,-. , .. -,+,.,-., :.-%

(iI

. ..,. .’ “’.’”” ‘;
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3QM.4Scosine

A 0° 60° ~2(-J” lsOO ~40° 300°
42 0° 00 0° 00 0° 00

& 0° lsOO 0° lsOO 0° 180°
:3C)hl.AS sine

41 :300 90° 150° ~lo” ~~fy 330°

42 0° 0° 0° 0° 0° 0°
4. 0° lsOO 0° lsOO 0° 180°

Table 3.3: HyperconqJleY M ~M.4S phase cycle ~vith redefinition oft ~ and t2.

echo acquisition [50. 51, .55] ill ~vhich a. pulse sequencti of the form

Tp — lE — T — [Lc(f. (3.39)

is used to refocus the signal and, proclllce an edlo. l-[ere .lCis an echo time set to

many milliseconds so l.he acquisi(.io[l follolvs bolh the formation a.ncl decay of the

echo. Notice that in an orclinary echo experiment, only the decay of the echo is

recorded. The t,~f~o-(lill~c:l~sioilalsignal is of the form

When this signal is Fourier Lrat)s(on]lcd \vi(.h rcxpcct to lZ and lhen phase corrected

by a. time te to the ~’z dilllcnsio[l. 1Ile follmving sigllai is obtainecl,

When the f, dinlension is also Ipo[lrier [ ral~sformod. plirc-al)sorp[ ion moclc 2D-spectrum

is obta.i net].

,$(&’,,W’z)= .-l.$((&’?.Q2)(.-I(L’I, Ql ) + iD(wl , QI )) (3.43)



1lyper Sl;ll. iS cosine
+, 0° 0° 0° 0° 1so” 1s0” lsOO 1s0”
~, 0° 0° 0° 0° 0° 0° 0° o“

& 0° 90° lsOO 270° 0° 90° 1so” ~70°

+, 0° 270° lsOO 90° lsOO 90° 0° ~~oo

llyperSEllAS sine
+, 90° 90° 90° 90° ~;~” ~yy ~~o” ~~o”

~, 0° 0° 0° 0° 0° 0° 0° 0°
$4. 0° 90° Iso” 270° 0° goo lsOO ~~oo

& 0° 270” lsOO 90° lsOO 90° 0° y~()”

Table 3.4: l-lyl>el”c”ot~ll~l(:xS1?1).4S phase cycle Ivilll redefinition of tl and tz.

The advantage of wl~ole-echo acqtlisi~ ion is that it does not req[lire the additional

cla.taset like the States Illcl 110(1. II 1.1)11shas a faclor of W itnpmvement in signal-

to-noise ratio. Slliftc(l-w]lo D:\S (Sl;l)~\S) at)d slliflc(l-echo AIQNIAS (SEMQMAS)

were discussed in [.50]alltl [5 I]. rcslwct iix’1).. ‘1’116’rxlx’ril~lcn(s call lJe I_l[rtller modified

to combine Jvitll Lllr S1.ales I-n{’ll)od 10 give 11~/prrSII:D.AS and I-lypcrSEiMQMAS

sec]uences, wl]ich collw( also II)c [Ilirror illl:lgc COIIVWI]Wit] 1IIC first half of the tl

period and have allol.llcr (acl.or of W illll)rot’(’lllc’lllj ill siglla.1-to-noise ratio.

The seque]lccs a]ld COIIWCIIWpat ttfvays for LIIC1lyperSICJ>~\S al)d IIyperSEiM-

QMAS expuinlmts ar,I SI,OIVI,i,, Ipigilrt :3. I :1. ‘1’IIc phaw cycles for Lllcse two ex-

periments are gi veil ill ‘1’211JI(’:].’1 a[ld ‘~ZI!)]C :].~. For l) AS, tile [irsl, plllse is cycled

through two-s(qs 10 Wl(’(”t 1I](’ + I COI)(’1”[’II(”CS.‘1’]lc (llird p(l]sc is cyclec] through

4-steps to selecl tllr + I col]erencc. For \l(~\l:\S, (I]c first I)UISCis cycld through

six-steps to select LIIC+:~ coll(~rvllu’s. ‘]’11(’I Ilil’(1l)llls(’ is c~’c]cd llII”oLIghS-steps to

select. Lhc + I col Ivrm Ic(~.

(j:]
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Figure 3.13: H~:lJerSED~\S and l-lypdl-?kl Qhi}\S experiments which acquire whole
DAS or MQM.4S echo ill tll~ lZ climension.



IIyperS13MQA’1.4S cosil~e

~, 0° fjoo l~o” ] so” 2.10” :300”

~, 0°
~, 0° 0° 0° 0° 0° 0° 4.5° 4.5° 4.5° 45° 45° 45°

90° 90° 90° gf)o 90° gfy 13.5” 1:3.5” 13.’5° 1:3.5° 135° 135°
lsOO lsOO lsOO lsOO lsOO lsOO 22.5° 225° 22.5° 225° 225° 225°
270° ~7(3” ~7(3” ~7(3” ~:()” 270° 31.5° 31.5° 31.5° :31.5° 315° 315°

& 0° lsOO 0° lsOO 0° lsOO 90° ~;o” (JOO ~700 g(-jo 270°
180° 0° lsOO 0° lsOO 0° ~~()” 90° ~yo” goo 270° 90°

41

42

43

IlypcrSEfi’lQM.4S sine

30° gfy 1.50° ~]o” 270° 3:;0°
0°
0° 0° 0° 0° 0° 0° ~,5” ~~” 4.5” 4.5” 4.5° 45°
(J-p 90° (JOO 90° 900 90° 1:15° 1:15° 1:3.5° 1:15° 135° 135°
1s0” 1s0” lsOO lsOO lsOO lsOO 225° 225° 22.5° 22’5° 225° 225°
2700 ~7(3” y~o” ~~oo gyoo 270° :11.5° :11.5° :31.5° 31.5° :31.5° :315°
0° lsOO 0° lsOO 0° lsOO 90° ~~(y 90° 27(-)0 90° ~70°

lsOO 0° lsOO 0° lsOO 0° ~;o” 90° ~’i-()” 90° 270° 90°

3.4 Excitation and Reconversion Pulses

The preceding scc(ion otl !llQ\l:\S ]I)a(lr at) ass[lll~l)tion I.l]at a single-ill? pulse

appliecl on resonance is calNtlJlt’ of cscilillg 111[111il)l(’-(lll;]tlt$l[l]]cohcrcnce ancl transf-

erring it hack Lo sillgl(’-(ll[:illllllll t“oller(’ltcc (or d(’t(x.tion. [t] rzl(t,tllcbehavior of

the quadrupolar spill s)w[cnl slll)jrcf [0 slrong 1{17l)lllses needs Lo he carefully re-

consicleml Ilerc 10 see Il(nv IIIC exrilaliol) aII(l 1“[’rolll(~l”sic)llllaI)lwtI. Some important

questions Lo IN’atlslvcrc(i arc:

I. L\Tith ivl]al. (’[(i(i(’]l(~”(”;lll 11]1111il)l(’-(lll:l1111111]f(Jll(’l(’l]((’ lx’(~xci(fh(l”!

11. l-10Jveffici(3111.1yc211111\I]llil)l('-(l[l:l 11111111r(>ll(-Jr('ll(('l J('l"('collt'(~ rt.c(li lltosillgle-

quantum COllW’llf”C”?

:: ,-.r :.-.,,,<Z .,,, . . .



IV.

v.

VI.

How do the phases of LI1O1?F-pulses afl’ccLLllc phase of tile signal?

For a. powder sample, are the excitation and reconversion processes ho-

mogeneous? That is, are crysta.llites with cliflerent orientations equally

excited? As a result. is thr resul La.nt Iineshape in the h4AS dimension the

same as ordinary MAS Iinesha.pes?

Is MQM AS cluantitat.i w:”?

Experiments] anslvers (.o L!tc shove questions are SLImm arizecl here. Relatively

good signal-to-noise ratios can be achieved for nuclei with high -y, high abundance

and short spin-lattice relasa{ion time [45. .56. .57, .5S. .59, 60, 61, 62]. The Excitation

and reconversion are expectccl LObe inI]omogcneous, h LILexperimental results seem to

disagree with this since good qlla(lrupolar Iineshapes arc often observecl in the MAS

dimension ~vhen tiie quadrllimlar collplillg cotlstalit are not too large [.5S]. MQMAS

is not (Ills.lltrilja.l,il’e.at. least fOr l.he case (.hal. a single pulse is usecl for excitation.

Relatively c]uanlitati vc reslll[s. IICMWWY.(vcw presented recently by Griffin et al.

[63].

3.4.1 Fictitious Spin-j Operators

For the descriptpiol~ of a spilki systcnl (or t.ilecenl.ral tra.nsiLion of a. clua.clrupoiar

nuclear spin system ). LIIrw spwial opwa.1 ors 10, (A am introducwl. Togdhcr with the

unity operator 1, Ll]c foilr opfmlors fOrIII a complete basis that the density matrix

can he expressed as

/)(/) =(lu(l) /u+(/i(l )/++ ((-1(/)1- +ajl. (3.44)

The comrnuta.lion relal.iolls a i~lotlg 1.IICWopera.t ors oflcn a.llo~vthe analytical solution

of the evol[ll. io]l of I Ile (Imlsil.y tua.1rix or Llle syslem. h!ore inlporl,anl]y, the effects

(i(i



of R. F’-p LIlses FIn (1 fIYYI ill(lllcli(~ll (lcc~l~. otl Llic spill s~”slrtl] Cal) lx> (Iescrilmcl in an

intuitive way (See section 2..5.2).

In the general case O( 1 > 1/2 spills, tliere are 2/ + 1 eigenstates and other

operators are needed. S(lljlmse Lllal Iw: l)ave .Ar] [ermitian operators A,,, the clensity

matrix and Hanlilto[lian arc f Iletl cspresscd as

A’
/)(/) = ~(1,, (1).-l,,+(d (3.45)

71=1

1/ = ~h,(l).”l,l. (3.46)
11=1

analogous to L!}cspill-~ case. ‘1’llc :1’ olj(’ralot”s sllo[tld Im chosrll to fulfill certain

Cartesian coll~[ll(ll,ill.ioll 1(’laliolls lvllicill farililalc tile calclllaliol] O( Llic evolution of

the system.

p(l) = ( -“’’/)(0)( ““ (:3.47)

One way of clloosi[]g I.IIc olwralors is 1-0define fictitio(ls spill-+ olxwa.tors for a

qUZLd~LlpO]MSsS[(! 111. \\’lIeII / = ~. lll{?[:ig(’llslil[(:s l; >, l; >, I – ~ >, I – ~ > can be

rena.rneci as 14 >, l:] >, 1? > a[l(l II >. ]:or cac]I pair (J( Lhc eige]lslal.m, tw>i]ltrm]uce

three operators acmr(lillg Io I IICl.111.{scPallli IIIal rices mr, 0,, aIId 0,.

/::=[, J“ ><.sl+l.~ >< /“1)

, ;:s
= +“ >< .s/– ]..>< /“1)

/;= i,.2(1 >< /“1– l.’+>< .~l).

where

..- ,, .,$ :

.! ,.,’ .: ., :,.

(;7

.... ,

(3.4s)

(3.49)

(3..50)

(:3..51)
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<?”l/; $[.s> = –;

1
< ?’llyl.$ > = j.

The commutation relations among these operators arc described below.

[1~~.1~~]= il~

[/:;?, /~!] = ; /;!

(3.52)

(3.53)

(3.54)

(3.55)

(3.56)

(3.57)

(3.5s)

Other commutation rela[.io[ls raII he foi[nd ill [64, 6.5]. The a.hove relations can be

generalized as

[P, Q]= ilil? (3.59)

where P, Q, and 1? are Lhrec operators i II Eqns 3..54 [,IJrough 3..5S. Notice that these

operators are not totally indcp’ndcnl.. 170rexa.111p!e.

/~ = ~ Jr”’)& (3.62)
1..s’



.

and

~(’””’)= /(/ + 1) —)n,.1)~.,.

Rotations in the spin slmce I)y RF pulses are then described by

c-’O1’Q(iOr’= Q U)SliO + Rsin }i.O.

For example, fron) Ec(]1:1.56. IV(*get

with

(1;;”’(~)= (.’0$’”,

where p = -1’,}“,Z

3.4.2 Excitation by Single Pulse

(3.63)

(3.64)

(3.65)

(3.66)

where 1-1o11is (11(’(I”(xill(’ll(”yoff’S(’[ aIl(l illclllflcs Llic cllclnical sllifl. \Ve have used

13c~ns3.61 and :).62 fOI” sl)ill-~ IIIICleIIS.

I-Iere, tile 2ttd-ordct” ([li;](ll”ltl)ol~lt ill[cra(.1 ion Itas IN’(’1)ncglm”t(’(i. II Ive also take

Au = O a])d ;ISSIIIII(’W’l<< .ti(~. \V()gcl

.,. , ,,,-~-, .,>.,. ,,
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where the first two twins mm mIII c ~vi(h t Ile ])cxt. t~vo terms. We can transform the

above Hami ILonian into a LiI(xxi frame by the follo~ving operator,

(3.72)

(3.73)

“““& (3.75)

(3.76)

clearly, the last two LerIIM corImpcJIId Lo L{Ie single- aIId l:riplc-qua.ntum transition

operators. The scparal ion of (.l]c lasl 1[Yo l.crms lI:w the advantage that rotations

in single-(lllall(,lllll a.lld l.ril>lc’-(l(ltl.llltlllllsul)spacm arc illdependvnt. The equilibrated

density matrix

,)((-)).x /;$ + :1/)’

then evolves u ndcr llT accot.(1i1Ig 1.0

(:3.77)

(3.7s)



This equation catt nmv lx> [[s{’(IIO descrik {.Iw e[lbct of a.]] RF-p[~lse on a spin-~

system.

I.

11.

III.

The terlmsin the first lJ/~[.clltllesis (lcscril~(: [llec~ect oftlle pulseon the

central transition. This exl)rcssiol) is almost tile same colnparec[ to the

spin-~ case except, for tile (wtra faclor of 2. Itsllggests that the central

transition behaves like an isolated fictitious spill-; nucleus Jvitll a. doubled

nLlta.tion frequency. Jlol”(’ g(vl(’l”all,v,101”il spin-j n(lclclls, scaling factor

for the nlltatioll lt”r(I(IcIIcJ is 1 + ~.

The terms ill I.hr scc(JIId parenl.hrsis (lm(”rik’s I Ile effect of l.l]e puke on

the Lril>l(>-tlll?l[l(,lllll lralisi[ioll. 1( suggests (llai all R F’-p[llsc gelm”ates a

rotation ill tile lrl”ilJI(’-fl(121111,11111slil)spacc. 7’11(’Illllation fre(l{lency is u,

scald l~y a. I_aclor (j~)2. ‘1’llr IIlagllilllde 0[ tlIcnlltal.ioi), IIolvever, is
Q

two ti]nes lill”~(’1” Il]alll.lla[0[”tI)(’Wlltral Lrallsil.iol). ‘1’llis IIIWIIS tlla.t if

the ljril~le-[lllillli.11111colIrIY’IIccis [Llll.vexcil.ml. its illtensit.v is (Jw:n sljrollger

than than of tile cc[ltral I rallsitio[). l;xl~el”illl(’l-l(.zllly,this is Ilardly I,rue due

to the ine[ficicllcy 0[ Lltc rxcilatioll.

The Lriple-flllall[ 11111[Ill[a[i(jll I“IXYIII(IIC)”is tl(~lx~t)(lclltoil tli(> (ltladr(lpolar

(I”cqll(’llcy.

Ivllicll is t)l”i(’lll;lli(~il-(1($1)(’11(1(’111. “1’llis I]IUIIIS I Ilal a !N)” I)NISC[or one

crystallite is iI(Jl I lIe !M)O pifls(t br ot Ilcr cl”~”slallil es aJId a 11.il~lc-r/~l;~l~t11112

~oo ])IIISC’fol”~ I)olv(l(’1” Sallll)l(’ (“all 110( ]J(’ (1(’[ill(’(i. :\s a rrslllt, tllc triple-

quanl.llm (’s(”il.a[ioll is illlloillo::(,ll(’olis.

71
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The nutation lml]a.vior of a si ngle crystal sample ivitll UQ = 400kI-Iz is calculated

as a function of 11~-pulse Icmglll and Shmvl] in Fi.ylre 3.14a.. From the sinusoidal

dependence of the exci(.ation efficiency on the pulse length, it is clear that the ex-

citation is very i[lllollloge[l(’o[ts. \.VheII an average over the whole sample is taken,

Figure 3.141) is obtainrd. Ivl]erc th(= toril~l(’-cllla.lll.lllllsignal builds up initially and fluc-

tuates ~vith longer JJlllses. T’llc ma.ximllnl 0( the excitation occurs when Wli! X 37r

from this simple’ model.

It seems that, for a spii]ning sample. (.IIc deriva.t.ion above is still clua]itatively

correct, especially wllcn (.lte spi[ll]ing sped is not. very high and the RI? power is

high (see Figure 3. 15). $\ssllnling Lha.t k“l = 100lillz and wr = 10k Hz, a solid state

3iT pulse for I = ~ nllclwls is almul. 7.5/1s. Ivllich talms 7.5% of a rotor period and

the spinning dfwt n)~~y Im ilq+lcctwl. ‘1’IIcassumpl.ion that WI << w~ is not often

true, because LIQ is (~ricllt.:~.(.ioll-clel)(~ll(lcl~t.. Nm’ertl]clcss, the experimental data in

Figure :3.15a. suggests [.l)at. spinning PKCC(.is IIOt crllcia.1 and can be neglected in a

qualitative analysis.

3.4.3 Reconversion by Single Pulse

To ca.lculatc tlIc rwwllixtrsion cllicicncy, IVC:a.ssIIn]c

is 1~-’1and ca.lculal.e LIIccvollllioll 0[ IIle sysl. cmIlndcr

t-hat Lllc initia.1 density matrix

RF-pIilse. Ive then have

where

(3.s2)

(3.s3)
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Figure 3.14: CalcIIla Ic(l I riplc-{lllal]{ ill)] exci[a{iol] (~[[icirl]cy for sillglc crystal (up-
per) and pmvder ( Imv(,r) sdl))ljlcs M a ~(lilclioll U( I)LIISC1(’t]gtll. TIIe Lnagnitude
of the RF field Strc}tg[ II (~’1) is slIo\v It as lcg(’tl(ls. ‘1’IIc calc~lla[ion assllmm that

‘Q = 400kl-Iz. 5’[)is 1hr nlasiln[llll sigvlal illl.cl]sily for [he sillgl(?-clllal]tll]ll transition.
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Figure 3.15: Espcrimmtal dtII.a 011 tri ]JlcJ-cltItlIll.IlilIcscitation (LIpper) and recon-
version (lower) efficiency as a. f~lnction of pLIISP Ic:ngLh. The magnitude of the RF
field strength (w! ) is shmvli as Iegcndso The calcula(.ion assulmm t,lmt UQ = 400kHz.
Computer simulated result. is also shcnvn in the LIppCY graph.
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Unfortunately. ~L~ {Iuicl;ly drol)~ t.o z~’ro as (Ile ralio lKlweeII LIIe quadrupolar fre-

quency and the RF’-p~tlsc S(retlgtll increases. To sce this, notice (hat when WI << ~Q,

a: < .sinz O x tan20 = 3(~)2. (3.84)

This suggests that the rcco[lvcrsion efficiency is proportional to the square of the

ratio between the RF field strct)gth and Lhc quadrupola.r frequency, which is often

very small. As a result, LI]Creconversion prol)le]]] is more serious than the excitation

problem.

In l?igure :3.16, the depcndcncr of tile reconversion] efficiency on the reconversion

pulse length is presented. Again, one sees Llle buildup of the single-quantum signal

in a short period of Lime (&’ll = O.Sir). 1IoJvrvm. I;he nlagnit~lde of the signal is very

small. Neglecting spil~llillg c[lcct ill this case is al)l)ropria.te since the pulse length

takes only aholit 2% of a rotor ($YCIC(St’c ITigllrr :1.1.5).

3.4.4 Excitation

To fu]iy U1ld(’l”StilllCl

and Reconversion: Computer Simulation

III(Iexcitation and reconversion processes under spinning

condition, computer sillllllal.ioll has to Iw exploited [S, 66]. T])is is became the

Hamiltonians of t.lle syslc[l) al till)c I al)d I + (S/ do 1101,conlmlltr to each other and

the evolution of Ihr detlsi[.v maLrix I)as Io he solt”ed Illlmcricaliy by calculatil)g

/.)(/) = C-’’’’A”( -“’’3’2 “““( -“’’’A’’’/)(0)(’’’’’A’” “““C“’2A’2“““(“’’d”. (3.s.5)

The ca.]cu!aLion is CJfl.(’11[a~ililal(’fl IJ.V 1II(’ (li~lgoll:lliziltioll O( caclI lia!llill onian in the

equation [S]. ‘1’I)ccalcll]aliotl 011 llIr (’scitaliol} ef[iricl]cy is sllo\vn ill Figure :3.15

(upper). TIIe rcstl]ts (Iila]il alit”(’ly i]li~lC]I 1IIOSCohl ainrd ])~~!\ InourPiIx [67] and p~TLI

[6S], that is. a rclaliicl) Io,,g IJ,,lS,I is II(YYIC(lfoI” excitation. ‘1’llcdiscrepancy Imay be

due to the slig!ll l!” (Iii[erelll I)illilll)(il(lls IV(I (Is(xi in 1II(J silnlllatio[l. ‘1’he simulation

-.
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Figure 3.16: (h]cLI]aLd Lrip]c-qud nLIInl (o si IIg]e-clI121.lItIIIII reconversion efficiency
for single crystal (upper) and polvdcr ( lo~ver) samples as a function of pulse length.
The rnagnitucle of tile R F field slrcngth (q) is shoivn as legends. The calculation
assumes that ti~ = 4001; 112.
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Plllse lengLh(/ts)

Exct ./ Recov. :j/~ .5/2 ~/g g/~

Excitation &r 3X ;7r ;7r

Reconversion :7r z n- T

Table 3.6: Pulse lengths that maximize the excitation and reconversion efficiency.

also reproduces the short-term Imhavior of the experimental data.. The interested

reaclers S11OU1CIconsult other rcfcrencm [67, 6S]. The best pulse lengths for excitation

and reconversion are hotvever, sllmmarized in Tab]e 3.6. Notice that the pulse lengths

here are solid-state pulse lengths, and the result qllalitative]y agrees with the numbers

obtained by the simple model ivhich nrglcct.s tile spinning effect.

3.4.5 Excitation and Reconversion by Spin-Locking

Another interesting ]l]rl Ilo(l that is rejmrkd for excitation ancl reconversion was

proposed by WLI et al. [63]. ‘rhe pulse sequence ancl phase cycle are shown in

Figure 3.17 and Table :1.7’, respectively. Instead of using a single long pulse for

excitation, two pulses (\vithout. Lilllc inlmval ill betiveen) are used. The first pulse

is a solid-state 90° pulse , and LII(I second I)UISC is a spin-locking pulse phase shifted

by 90° with respect to the first p~llse. T]l(?lengthof this second-pulse is set to

~r/4, where ~,. is Llle ro[or pc>riod. ‘1’l)c reconvmsion pulse is a sil]gle pulse whose

length is again seL Lo ~,./4. This l)illse is ]nll{:ll Io])gjr t.l~al) tile optimal pulse length

suggeskd by .4moitrmlx [67]. ‘1’ttcelfici(>ll(”yof tlic S(I(IIIrIICe Ilas Imei] ill[wlra.ted both

by experiments an(l sillllllaliol)s. ‘~]1(>I]IOS( sigilificalll advanlage of tile sequence is

that it is more {Iua[)t.i(:1(ivc.

The key idea hellind t Ilis IIciv SMIIICIICOis that ivllell t.lle sample is spinning, the

eigenstjat,es of Lhc sl)il] llalllilt,ollian cllatige Ivitll Lime. If initially the spin system is

in 1~~ stale, part O( tllr co!lrrc I)cr is mIIv(:I.1 ml into t ril~le-(lll?~.11111111co]lerence ~~~at

,, ., ----- ,.Fz ,,---- . \

. .

,.,,.:. , . . -. , ,.,



Figure 3.17: Spin-Lockin ~pulse sequence foi the excitation of triple-quantum co-
?herence and its conversion )a.di (.o sillglc-cll~a.lltllnl coherence.

Spin -Locl;ing :3C/Ml\S cosine

41 0° 60° 1~()” 1so” ~4(-J” 300°

42 90° 150° ~loo ~70” :330° 30°

43 0° o“ 0° 0° 0° 0°

4. 0° 1so” 0° lsOO 0° lsOO
spin-locking 3(jki AS sine

41 :30° 90° 1!j(l” 210” ~~()” 330°
42 ] ~o” 1N-l” ~:j (-)0 :)00° 0° 60°

43 0° 0° (-)0 o“ 0° 0°

48. 0° ISo” 0° 1so” 0° lsOO

Table 3.7: ‘1’hesl)in-locl;il)g :lQAl:\S phase c~lcle Jvith recldinition of tl and t2.

7s



Tr/~ and returns to ]~:’ afl.m a fIIl] rolor cycle !V]IC!IIa spin-locking pulse is applied

[69, 70, 71]. Also, part of the coherence is converted in10 ~~;’at ~~/4 and retllrns to ~13

at ~r/2. If this is true, the first 90° pulse in the sequence shown in Figure 3.17 creates

coherence If, [V]lic]lCVOIWS i II(,O ~~;’ a.t T,/4. The third pulse, similarly transfer the

coherence back into a. si nglc-q~lantunl coherence.

Even though the a.~l[:hors have shown tl)at their sequence is far more quantitative

than the two-pulse seq LIcnce, the sequence has not heel) Ividely usml until] now. One

of the reasons may be that the sequence is only efficient for spin-; nuclei. Another

reason is probably tl)al the sc(lIictlcc is S1ill nol iv(’ll-lt]l[lersl)oo(l. According to Vega,

the spin-locking efficiency for (l[ladr~llmlar nllclei is Imv and only under adiabatic

conditions is the Lransler of col)erencc I>J”spin-locking possibic [70]. It seems contro-

versial that the spill-locl{illg scqi]ellce .giix’s good results since Ll]e adiabatic condition

is expected to be lIar(l [0 filllill. People lvilll flir(ltcr interests should read other

references [69, 70, 71].

3.5 Comparison of DAS and MQMAS

This section addresses sm”cra] (.(Jt]Il}l(ItIl(JIlt;]t”yaslx’cts of Ill Qhlt\S and compares

MQMAS with DAS [4.5]. Issilcs sllcl] as fcasi])ility, Iinmvid( h, rfxol(ltioll are discussed.

The chemical shill c(rrc[, o]) tllc rcslll{al]~ SIWC[ra is [I)c1l prescl)t ed i[l great detail.

It is also clelllotIs(.i”il(.(J(l11(’r(~[lli~l t :S;\ ljaral)]c({’rs cat I I)(Iextr:~ctecl for quadrupolm

LISillg tl”lC’ 1111111.il)l(’-([llillll11111S1l“al(’<g)”.

3.5.1 Experiments

Most of the slxJcLra ljt.escll(ml in this rllaptcr lw:rr ol)[ainml at 9.4rr or 11.7T using

a ho]me-bllilt .5mt11 1).AS probe [Z?]. ‘1’IIc spil]ning axis tvas initially set to 54.74° by

maximizing Lhc olMJrw’(1 sidcball(l illlcllsity IIsillg lillr (sl Br) or deutera.tecl HMB

.,: ,;,,,;., ,:.,-~- ,-~-.-,. ~.;- “..,2.,...
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. . . ...”.. , ,:>,.,. .



(2H) as stanclarcls. The ‘7.4 I spectra Jvere collected using a Doty Scientific 5mm

high-speed MAS probe [7:3]. Spinning speeds greater than 7.5kHz were exploited in

all experiments except for the one clesignecl to give the intense Na2C204 sideband

pattern. The Rl? poiver level in the DAS experiments was set to ensure selective

excitation of the central tm.nsilion. ancl a typical 90° pulse length was about 7ps. In

the MQMAS experimenf,s, high pcnver (3.5-40kI-Iz for 170, 50-601{Hz for other nuclei)

was used to achieve ef(icien(. excitation.

The shifted-echo 1).4S sequence ($ – tl – ; – hop – $ – T. – n–acq.) [50] and

shifted-echo h{QM AS [5I] sequen m (v-d in our experiments were clescribed in Sec-

tion 3.3. The echoes were typically shifted out l>y t[vents? to thirty rotor cycles (many

milliseconds if possible) LOachieve high sensitivity ancl undistorted signal. If the

sensitivity was a. problem dile 10 Tz relaxation during echo formation, the simple

two-pulse MQh4 AS seq[wncc ( Figure :1.12) ~WISwed. .5.40°solicl-state pulses were ap-

plied for the excila.tion and reconversion, which acmrdi ng to the results of Amoureux

[67], do not give the nla.ximllm l~lllllil)lc-(lll ~~[~1.11[~1excitation ancl reconversion effi-

ciency. The dat,a. wew procrssrd according to the method suggested by Gra.nclinetti

[50, 51]. RMN Sorl.,vaw IWS LISd and m n be CIOWnloaded from the following URL:

http: //~f~~t'iJ~.cllel~list.ry.(jllio-sl?~L.(:.cclll/ grall(liilell.i/]~ hfN/rllln.lltlll].

All of the inorganic cotl]pounds used ill the experiment were obta.inecl from com-

mercial sources, t,ypical Iy IvifI] a stat ml pu rit.). of at least 9S(Z. The anorthite and

170 ellricllecl stilllile ~v{,l.(.,Ilil(l(. ill S1~111~fjr~lLIl]ivcrsii,y and characterized by X-ray

diffraction (XRD) and %i N\] l{.

3.5.2 Feasibility

MQh4AS spectra of 23Na (l=;). ‘7R1) (1=~). 27:\l (I=;), 170 (l=;) and ‘5Sc(I=~)

in some model col]]pol[tlds are sllmvl} in I>igllre :1.1S. The typical recyc]e delay varies

N)



between 0.5 and 1 secoi)d for di (fcrent samples, rcsilllring in an acquisition time no

longer than 12 hours. This suggests that hlQhl.4S spectrum can be acquired in a

l*B I=; [62]) when the T1 of thereasonable time perioct for these n{lclci (also for ,

sample is not very long. I’lle quadrupo]ar collpling constants (CQ) are 3.6 MHz for

87Rb in RbCIO,l [24], 2.4 N’11-Izfor 23Na. in NaoCz O.l [5S], a.bout .5MHz for the 45SC

sites in LisSc2(l]0.1 ):3, 2.S-S.-4NIIIZ for ‘7.41 sites in anorthite [60] and :3.4MI-lz and

4.8h41-lz for the Llvo Lyprs or oxygen sites in st. i!bite. ‘rile MAS dimension of these

spectra usually shmv well-defiIId NIAS ]miv(ler I)al terns , suggesting a relatively even

excitation of the l.ril)lc’-(llli~.ll{rlll]]collcrc]lce.

The single-hop Dl\S spectra for the a Imve ‘Tll b. ~3A1aand 170 samples were also

recordecl. Hmvei’cr, ac(lliisitioll of tile 1113,‘7.41 a[ld “lSSCI)AS spectra was Far less

successful because of tile snort T1. ‘1’ypicall~r, :10-.50 milliseconds are IIeccled to flip

the spinner axis ill a DAS exlxtrilllcnt tvllicll IIleans it call only be applied to samples

with T1 longer than 100- 1.501]]s. .+]101Iler Iilnitillg factor [or 11.4S is the homonuclear

clipolar coupling, which creal.cs col]erences ll)at nlay l)ot be restored following axis

reorientation [42]. Thew is Ilo sII(.11Iinlil alien for hlQhl.4S Imca.{lse a hopping period

k not necessary heL\vmI LIIC tIvo correla( cd CVOIII( iol] periods

The major lil~~itillg factor for hlokl:\S is l.lie lnagllit[ldc of tile quadrupolar in-

teraction. Since III(J1riljl+(lllatll 111111ral]siliol] is I_orhid(lm to ISL-OIXICI”,llIe MQMAS

experiment is c(It.tmltly Iilllitml 10 silm lvif II C’(2I(JSSI lIaII 4hlllz for spill-; nuclei. As

a comparison. f’c~of [II) 10 6..5\ lllz rol” l=; Iiliclci does llo( Iea(l [0 extra espcrimental

difficulties for D.4S [2’1]. 111III{’es{ rrIIIC, \Iassiot et al. I]ave obt,aind a. 71~a, (l=;)

DAS spc~LIwnl of ij-(li120,j \villl a (’(1 of lZ\lllZ [YI].

As shown earlier in ( Iiis cllal)[et.. I I](’ ($xcilat iol) (’ificiel]cy of the triple-quantum

coherence is detenni nml 1).v~. ‘1’oacllievc maximllm excilatiol] efficiency, highest

power level is usIIall.v IIS(I(I. \\’lIctI (11() !(12 strc]~gtll is fixed, L]ie q[lal~tily that, de-

,,., .,., -. , .
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Figure 3.18: :lQhI:\S specl.ra of (a) ‘7RIJC’10.1 (b) 2:3Na.2CZ0,j (c) 45SC in
Li3Scz(P0.1)3 (cl) ‘7!\l in anor[hi[.e (e) 170 in stilhil,e. Spectra (a), (b), (cl) were
takenat 11.7T ~i’llile tllco(.l]er tllvolvf:re ljal~c:]]aL9.4’l’. Fre(llleIlcies a.re referenced to
lIV1R1)N03 for ‘71<1>lhl Na(~l for ‘:?Na., 1h! ~\l(N03)3 for ‘7A] a.ncl 1-120for 170. Spec-
trum (cl) is a slice’ t’akcll along Lhe isotropic dimension, ~f,]licll ]las l>ette~ ~eso]ution
than the isotropic projection.



termines the excil. atioll cf(icien(.y is LIQIvllich is defined as

CQ
‘Q = 21(2/–1)’

(3.86)

and smaller w~ usually means better excitation ulllcss UQ is vanisllingly small. It is

2741 (Figure 3.1 Sd, anorthite,thus not surprising Lo see the c(ficicflt excitation for .

with CQ Llp to s.~kf]]z), hllfr l,]I(? inf(’~i~~ (’~~ihf.i~n f~~ ‘71?1>(Figure 3.lSa, RbCiOA,

CQ=3.6MHz). The smaller scaling faCI or for 1> ~ l]llclei suggests that the observation

Of CQ Up tO 10M i“lZ fOl” 27-41 is feasible, based cm the rela.ti ve]y efficient excitation

of the tl.iple-tlllall(.lil]l roherence for ‘:~Na (e.g. NazC20.1, 1=~. C~=2.4h41-Iz ). This

is actually clen~ollsi.l”;lt{>(ll~y oilr experinlcl]t on I;yanite (see nest chapter), which

contains 27A] site !vit 1) (-’(2lip Io 10.Ohl Ilz. The Fact that the single pulse excitation

scheme is relatively e[ficielll, foI’ sllill-~ I“lll(”l(!iis ilnportallt because ~Q for 27A] and

170 (both spin-:) al{“‘ slnaller 1Ilali IOhlilz in a lot of colnmonl~? used technological

materials. Ilowever, care IIIIiSl k Lakelt ii) 1!Ie [IS(>of this Lecllllique for tile study of

site qua.ntifica.tion.

3.5.3 Linewicltll

The 1).4S a]~d hlQJf:\S Iitlmvi(ltlls (fIIll Ivi(ltll aI llalfll~~~xitlllll~l, FWIlh4) of some

model conlpou]l(ls are coIIlparc(I ill ‘1’al)lc:1.S. ~f[so S1)OIVI]ill 1Ilis tal~[e is the ]inewidt,h

data from hI.4S an(l llalIII-wlIo (~sl)(~t’ill~(’ills (’1’z-lill(wvidt h). Ii] addition, the DAS

linewidths for 111] ill I):Jllo:j [72]. 27:\

also included.

The 1).AS Iinmvidth ii)creases IIWII

sistent witl] the increasil]g Ilomotl(lc

ill l.i:\l Sil Olu [75] aIId ’70 ill diol~side [46] are

al)oIIt 20011z for ‘71{1>LO 1.21<1-Izfor *iAl, con-

x]r di polar coll])ling strength. The h4QMAS

linewiclt.11, 011 the 0( lIcr hand. is larg(’1~ IIl[cl(:lls-illclel)f’ll(l(?llt, spanning the range

between 17011z a[](l 27011z. \Yllil(’ III(Il):\S atl(l llQ\l.’\S lines are usIIally an order

s:j



Nucle~Is/coIIIl>otII)cl
87RbN03
‘7RbC104
23Naz C20~
D311B03 [72]
27A1 Kyanite- [60]
27A] LiAISi:lo]o [~~]
170 Diopsicle [75]
170 Stilbi Le

Line~viclth(Hz)
DAS MQMAS Hahn-Echo MAS

160 1s0 10 Q500°
250 ~70 10 5000
.500 ~~o ~~ 3500
1100 4500

170 30 7300
1zoo 4~()()
1~() 100 3800
600 ~70 30 4500

Table 3.8: Comparison of the D.AS, MQiMAS, echo and MAS linewiclths for some
model compounds.

of magnitude narrower than t IIe hi AS 1ines, they are an order of magnitude broader

than the echo-line~vidth. This is not a. surprise, since magnetic field inhornogeneity

as well as inhomogeneous broadcnings is refocllsed hy an echo sec]llence, leaving only

the intrinsic Tz rela.xa.tion uncler M.4S. To understand completely why the MQMAS

lines are so much lvicler tha.1) the echo Iines requires more detailed a.ncl careful meas-

urements to evaluate the contri I>ution of each broadening mechanism. The residue

dipola.r coupling, the defects i11[.IIccrystal and the ficlcl inhomogeneit,y can all be the

dominating broadening Ineclm[lisnl.

The DAS lineividth can be rclat.cd to tllc magnitllde of the homonuclear clipolar

interaction in the system [42]. ‘1’hc bilinear terms in the density matrix arising from

the clipola.r Hamilt.onian CaII not be retained LIII.OI.IglI a. D}\S angle change. Thus the

dipola.r Ha.miltonian acls ljllroly as a. relaxation sll])et.ol>crz].t.orand it is not refocused

at the DAS echo nlaxinl[llll. 7’IIP indcpcn(lenm of [he h[QhlAS iine~vidth on the

nucleus of interest at least sLqjgestos t.ha(, Ilomonuclea.r dipolar coupling is not a.crucial

factor for the implcnmnt al.ion or l.lIc NI~Xl T\$experiment, which is a.major advantage

of MQMAS OV~l’11.4S.

Strong Ileteronllclear dilmiar colll)iill:g [nay ren(lcr the N Qhl AS spectra, broad



‘11 is involved and can be overcome bytoo. The problem seenls scriolls only ~vhc]] ..

11-1decoupling [77].

s.s.q R.esolt~tioll

As shown in Ecln :3.3-I, tl)c observed AIIQhlAS shifts are scaled by two factors ICI

and Icz and diflerent frol)l Df\S (Iil=kz=l ) shifts. ‘~his makes the resolution of a

MQhlAS spectrum depc’lld(’llt 1)0(.OlllJ~011($~$,)an(l u,’~~~,hut also on kl and kz. Some

general conclusions almul rcsoi{ltion can lx’ (Iraivn, hut, for a slx~cific sample, care

must be taken in spccl ral i[ll.(~l.i~i”clja(.ioil.

13cln3.34 indicates [ I)al L\vocl]elnicdlly di[r(’1.(’llt sites having the same quaclrupolar

coupling constant will lIavc a frc(lllen(”y separation proportional to kl in the MQMAS

spectrum. If Ikl [ is gtca[.cr t.l]all 1.0, lmtLcr resoilltion is expected for MQMAS; on the

other hand, if [IcII is stnalier ( Ilall 1.0. llf\S I]a.s Iml Lcr resolution. The

a simiki.r effect on rmollll.io[l, ivllci) Ll)c cllelnical shirt of Llle t~vo sites is

the case that I=;, hlohlT\S has Imtler WSOI[[(ion tlla.n DAS according

and the opposite is Lrlle for i> ~ Illlclei. For l=; nllclei$ the enhanced

kictor /:2has

tl)e same. In

to Table 3.1,

resolution of

lVIICWIt,l]e separation of the

the I)AS spmtrum (5ppm).

i is ail ’70 still)it.e specLrLIm

taken at 9.4T. in 1Ilis case. D:\S giw’s 1lvu l)arl i:lll~”r(w)l\d ]xw1;s. ivllcreas only one

peak is ol>wrvwl ill I I](I \lo\[..\s Sl)(’(”11”11111. Sill]ilat” r(wol~lliotl Iilllilatjion was also

seen for ‘l~s(- (l=;).

Despite I.l)e sl)]all scalitlg faclors (ill = –17/:]1. I:z = 10/:31) for spin-; nuclei,

27A] is an ideal mICl(ILIS I“or \lQ\[:\S. as lvill hc (lc]]lo!lst,l.~]l(~clin the next chapter

[60]. h4AS spectra r,,, ‘;. -\ I am (Isl[allj’ Loo Ijroad Lo take advantage of the improvecl

spectral dispersion. ‘1’11(’i)lodmilc colll)liilg constants for 27AI ill most nlaterials [7S]

,!-b( .)
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makeit very suitable for hlohl+\Ssl$~l(lies. l]) addition, the decreased resolution in the

3QMAS spectrum can l)cJcJ\~ercc)rllel)j’ correli~t.illg tllecl~lint~ll> lc-(l~la.ntltln coherence

with the single-quantum coherence [79].

3.5.5 Chemical Shift Effect

It is some~vhat interesting to see tl]al l~vo of lhe three rubidium sites in 87RbN03

collapse together in thr 11.7”1’~lQilf.AS spectrum. Al Ll]e same ficlcl strength, three

peaks exist in the D.’\$ specl,r(im even 1Ilollgll Lhc klQillf\S spectrum is expected

to have betler reso!~llioll. ‘1’llis problem I)i]plw[)s also in the llbN03 D.4S spectrum

at 7.OT [24], whet-em at (hat field strcng(h, the \lQhl. AS spectrum has three well-

resolved pea 1{s [5 I]. ‘1’llis ovcrl al)indicates that sites ivith dif~erent chemical shifts

and quaclrujmlar intcrar( ions call appear al lhe sanle frequel]cy in a DAS or MQMAS

spectrum. SNcl~ an ;lccit!clltal (Jw’rlaI) is a resu]l of L]le cance]lalioll of the chemical

shift clifTerence and (IIc ?t]cl-order qlladrllpolar shift difrmence.

!?or ~~~ell-tryst.a.iiize(l saIIlplm. tllc accidolllal ovcriaj) can be ovmconle by mult.ipl~

field experiments. Otlc call also Iwrfott)l IMI.11l~Y\S a]ld hiQLIAS experiments on the

same sample at onlyOIIefiel(l.sillc(’ ( II(>o\ ’erlap conflictions are di fre~(:nt for these

two experiments. In {his rcsprrt. (he colnl)il}atiol) of’ D.-\S al]d LIQM:\S removes the

possibility of spccl ml Illisill(ot”l)l.(’l;lliotl.

~0~ lllak~ialS Willl ?1 (“Oll{illllOllS (liS1l’ilJlliiOll or Ch(’llli(alSlliflS 2111[]([llad~UpOla~

coupling consla II(s (as ill IIIaII)’ gl/Iss\” I))al(’rials), tile I)roblelll Ofal]lol’])llolb” :111(1

overlapping peaks lil~]ils III(L ~ll)l)liral~ilit~” of l):\S ai)(l \lQ\!.’\S. ‘1’osw Lhis, I tvill

give a brief dc’scril)t ion of III(, ~(’11(’l”ill Ii’alllrcs of 1Ilc 170 l);\S spectra for silicate

glasses [S0, S1]. l):\S slwcl ra of 111(’s(’IIlatcrials aI.c Ijl”oadetld lIsually from one to

twenty kilohertz I)y tl)c (Iis[.ril)lllioll of cll(v]~ical sites (ivhicll IIave a distribution of

chemical shift atld (III?I(II”IIIJO1211”I)iII.iIIIl(’l(LI”s).l~KaIIsc l):\S givrs a t~vo-dimensional
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spectrum correlating tjhe isotropic 11.4S shirts a.ncl Lhe a.nisotropic interactions, an

anisotropic slice taken perpendicular to the 13.AS dimension corresponds to a VAS

SPeCtIWrn all(] Call ]>(2 Si 11111l?l.t(;{] ~#0 ]>~ovi(]~ a Se{, of qua.cl~upo]a~ ( CQ and ~Q ) ad

chemical shift (Ji.O) parameters (See Figure 3.9). These parameters are related to

structural information such as Lhe Si-O-Si bond angles for bridging oxygen in 170 glass

(Eqn 4.1). The above a.pproa.ch assumes that each slice that is taken out corresponds

to only one type of site. lkca.use it is possible that sites with clifferent chemical

environments SI1OJVup aL the same frequency, this assu mpt,ion does not necessarily

hold.

As an example, consider the a.morplmus Si 17Oz DAS data obta.inecl by Baltisberger

et al. [82] Using the qLIaclrLIpolar and chemical shift parameters they obtained, the

isotropic shifts in DAS. tri pie-q LlaIILum LIAS a.ncl qui l~tLll]le-clL1a.l~tlll~lMAS spectra

were calculated using Eq n :1.2:3 and 3.:3.1., The resultis a.m sholvl] in Figure 3.20a,

where 100ppn) is first sul)tracl.cd from the .5Qhl AS shifts aad then plotted. The data

points on the left side of Lhe figll re arc characterized I)y siibst.a. nt,i aterror bars, which is

mainly a. result of simulat ion errors. Tllc olm:rved D:IS shifts increase monotonically

as a function of LI]Cslice ]Iumlmr \vherms the I]ll!ltil}l(?-(lll?l.nl,lllll shifts do not vary

monotonically over the corrmpondi ng slices. \\’haL is also noted is that the spread ,

of MQh4AS shifts is n~t[cl~sInallor for [he same siks as in DAS as a. result of the

scaling factors in Eqll :1.:14. For mal]y of the 170 i]]orga.nir glasses, the cluadrupo]ar

coupling constants ((’(~) dccrtwse ivi1.11Llle increase of Lllc isotropic chemical shifts

over a Ivide range of LIWSi-()-Si Imltd allglcs [82, S1]. Tl)e eff’cct of a. decreasing CQ

is to shift the h4Q\4.AS slx’cl.ra 10 I}igllcr (ro(lllcncy (t~]orc I)osi(. ive ppm values). This

effect is partially [Indot]c I)YLhc si millLaIltwus illcrcasc’ of the isotropic cllemica.1 shift

(note that k, < O). Tile I1OLrcsltll. is a sinallcr spread of shifts in MQh4AS spectra of

liO glasses than O1lClw)ill(l go(. ~ro]n a sil~lilar D.-\S experiment. l’lle reason for the

0



difference between f).AS atld hlQh41.4S is ( l)aL ki and I:z in DAS nave the same sign

(both plus), but they have opposite signs in ilIQMAS.

While Figure 3.20a sllcnvs that glassy samples may have a. potential problem

with overlap, it is worth collsiderin.g a cr~.sta] line ’70 sample where C’~ and qQ are

better defined. Figure 3.201> sIIoivs similar calculations for the five lTO sites in well-

crystallized cocsit,e [47]. AII five sites are clca rly separated in DAS, but sites 3, 4 and

5 are expected Lo overlap ill Lltc 3Qhl AS spectrllm , a ttd sites 4 and .5 are expected

to overlap in the 5QN’I.f\S spc’ctrum. This sort of oix:rlap is possible in any sample

depending on tile relal. ivc sizes of Lllc colll)ling constallt)s and shifts. In this regard,

performing all tl]rec exlmrinlcnts (ll~\S. 3Qhl.4S a.ncl 5QMAS) would provide useful

overall information as Lllo overlap con(lilions for these Lcchniqi[es are difrerent.

3.5.6 CllemicaI SIlift Anisotropy

As cliscussed in the LIICOITpad Of LiQ\l.4S, tile CS~\ efrect is magnified by a factor

of 2n?. for tile. n). + —))1Lrallsil, ion. Ivhicl] a]lolvs it to dominate the triple-quantum

spectrum whml its lnagl~itlldc is colnparal)lc 10 Ll)at of Ll)e 2nd-order quaclrupolar

interaction in a siilglr-(lllillll.111]1specl rIIIII. III Ll}is case, anisot ropic 21](1-orcler quacl-

rupo]a.r effect Illay lx’ [Icglrctc(i in tllc [ riljlr-({llan[ (Ill) (Iilllellsioll. Sin]ulation of the

lD MQMAS s!)(Ic(rlit]] t II(’II(Iir(’c[IJ ~“i(~l(ls[Ile (:S:\ IMran]cIcrs. (.~areflllly check-

ing Tal)lcI 2.:1 suggcsfs IIlat tl]is approacl I is onl,v !“alid for l=; ]]uclei (as long as

3QMAS is illvolvwl). \\.lI(JII / # ~. IIIC 211{1-01”[](11”[[IIa(lr~Ipol;Ir e[~cct is also anlpli-

fied. Holvei’cr, lvlirfl / = ~ f I]c Irlaglli( 11(1(’or (Itc Zt](l-ordci. (l(laclrupolar int,eraction

for the Lriple-qualil (In] cohcrciicc is s(”a!(’tl(Ioivl] ( l))”a faclor of ~), con] pared to that

for the sillgl(:-tlllill]lllll] collweilc(s.

Figure 3.21 is Lllc ollc- al)(l t Iv(l-(lilll[’llsioll?ll 1I .7”1’‘7Rh hlQMAS (fJr=8.gkHZ)

spectra. of Rl>zCrO.l. Ttvo silts exis( ill 1Ilis coIIlpo IIII(l, but OIIIJ~Ll)e OIIC with smaller
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Figure 3.22: Sinl~lla[.d 11.7T A1.-\$ spec[.rum of ‘TR.l>in Rb2Cr0,1. Experimental
spectrum (not shmvn ) can not bc rcproclucecl i~ CrSA is neglectcci.

C~ is observed. ‘l%e spwtnlnl has a. lot. of sidelmncls (-w., w,.) away from the

centerba.nd in the (.~vo-(lilll(:[lsioll:~l~rc{lucncy space. co]]firming the conclusions on the

MQMAS sideband pa.t.t.erl] [.1.5,s3]. Tlte simula[cd hl}\S spectra that either considers,

or does not consider, the chemical shi h anisotropy are sho~vn in Figure 3.22.. lt is

clear that chelnical shift a.nisotropy plays a.n inlport, ant role in interpreting the data.

Figure 3.23 shows and coinlmres the 1D l)~\S and hlQMAS spectra of 87Rb in

Rb2Cr0.1. ‘he hI(Jhl.L\S projrc[.ioil sl]mvs lvcll-defined sideband pattern that is sim-

$)~



ulated in Figure 3.2:1c. ‘1’he C;S:I and I.l}e 2nd-order quadrupolar broadening for

Rb2Cr0., at 11.7T are ~~k]l~ (&.$ = ‘1101 )])111) and l~kI-l~ (~~Q = 3.5h41-]2), I@-

spectively [84}. Since they arr sommvha.t comparable, the combined effect of CSA

and quadrupolar interaction is conlplicat.cd, allcl the D.4S and h’lAS spectra are not

sensitive to variations ill tile CS.4 parameters. It is then very difficult to obtain CSA

information from either [Ile 1).AS or L’I.4S spectra. IIowever, as CSA is amplified

to 75kI-Iz in the L!QI’1.AS dilncnsion, Llle hlQhfAS spectrum of RbzCkOi covers

a much larger frequency m IIgr and neglccti ng the 2nd-order quadrupolar interac-

tion in simulating the hlQJlf\S sideband intensities is possible. From Figure 3.23c,

the magnitude and asym [~letry parameter or CS.4 are determined (JC.S = –110ppm,

qc~ = 0.0). These va.iLieSare in good agrwment lvitll those determined hy a switching-

angle spinning (S AS) aI)proacl I [Sl](chap(.er 6) I>llt do l~ot agree Jvith other numbers

found in the literature [S5]. ‘1’1)(’RlJ2C’rO.I spec( rtlm Ilere also serves as an example to

demonstrate that relati\cly large ( ‘S.4 dom not Iinlit tile il~ll>le]llctltatioll of MQMAS.

3.6 Mult iple-Quant mm Variable-Angle Spinning

The concepI, of lllilll il)l(~-(lllz~l~[llll~ N\Ill cai] be extended to tile case that the

I . To S(JCIIOIVthis can lead tosample is spinni[lg at angles 01Ilcr ( Ilan (II(’Illagir-allg e

other informs.tioll 1)0{ac(”f’ssil)lr 1llr(Jllgh hlQhl:l S, consider a spitl-~ nucleus spinning

at 70.12° or 30..56°, ivl)cr(~ l~i(cos 0) = O. Sillcc (’1(:1/2, :1/2) = O (r~c~l~le2.:1), Ill]] 2.83

reeluces to

,X) 3 :1 ,Q

&:3,2 *_:j,2 = ( ‘“(j,; )L&’;,,,. (3.s7)

This means that anisol,ropic 211{1-or(lcrclIIa(lrlIpolar illl.eractioll (low not broaden the

triple-({l[afl(rlllll SIXY.(r[lttt. ‘1’1](’sj)(’cl rlilt] is Itoivcl”er. not a IIigl]-1”(’sollllioll spectrum

;. “-’;-,,-.:“.J..7j.T. ..:.;~ ,, “
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since chemical sl]ifl allisotrol)y ((~S.A) still in[lllellces Ll)e spectrun].

. .
w;;; w_312= ‘3(0-’is~+ .4$”s(0 ““$,;F”$)l?,(cos o)) (3.&S)

The pure CSA dimension (t!”il~le-cll~alli.llrll din~ension) allows one to determine

chemical shift a.nisotropy (CS.4 ) direclfy, even if it is 100 small to be separated from

the quadrupolar interaction in a sillgle-(jll;~lltlll-11spcct.rum. The method would also

be more sensitive LOsn]all cl]emical shift anisol ropy si]lce tile CS.A effect on a t~iple-

quantum spectrum is Illagni fird by a factoc of Ihrec, compared to its effect on a

single-quantum spectrum. l?xl~(~ritllc’111.?llIy, Lllc h’1Q\~.AS data call be collected using

the MQL4AS sequences and processed accordingly. A sl)ea.ri ng Lra.nsforma.tion is not

needed since reclefinil ioil of 1Ilc cjwlu( ion lime is 1)01.necessary here.

As an exa.l]~ple, ~igllre :].21 SI]OIVSLllr 1 I .7”1’liljN()~ ~lQV.AS spectrum acquired

with sample rotated at 70. I2°. ‘1’llcqiladrlllmlar para]nrters for cacll of the three sites

in lhis salt lla.ve hcen de(erlnillml 1).vD.-\S and LIQ\l:\S [.51, 24]: 6,S0 = –27.4ppm,

CQ=l.6SM Hz, q~ = 0.2 for Ll]e first site. J,.,,, = –-“~&5ppt]l, (: Q=] .f)qhf]-]z, ??Q = 1.0

for tile second and f$,s,-,= –:11 .:ll)ptl], (.:c2=I.72LI Ilz, qQ = 0..5 for the third. Us-

ing these paranldlcrs, Llie isol ropic frr(lllel}c~” sllifls ill (he tril~l(:-(l~l;llltlllll dimension

were Calcu!akd Lo gi \“:I-7:1.2. -T I.1 an(l -S1.91)pm, respectively. ‘IW:se nllmbers are

in Lhe same region as III(I lwaks iii 1lIe 1rilJle-([{lai[l Ifil) slx’(”Lr[Ifll. C!ompa.red ~vith

the sinlula.ted slwcljra ill l~igilr[’ :j.X, il is lilIcl\ IIlal the slwctrunl contains nlul-..

tiple overlappill: Jvell-(lelille(l patlcrtls. Iloiv(~l”cr.accura Lc (I(:t(:rlllilltltioll of the CSA

pa.ra.meters for 1Ilis sa 11 rmll[i res a 1111(’(~-(lilll(’llsi(jlli~l cxl)crin~(,l)t tl}at, separates lhe

three si Les.

Experinlcnts ol) 01II(*I” saIIll)les Ivf~r(I also ])erforIllml (for (’xailll)lr, 23Na2C20J,

23Na2S0,1, ~il+l>(::lo., all(l ‘TI{I)zS().l) all(l ill all of III(. cases. 1)11re-absorption phase

3QVAS spectra ~vcrc 01)[ail[ml. ‘1’licSIMIC1ra all I)alc ait asymnwtric triple-quantum

dimension, l~LILI1Oclear sillglllarilivs catl I)(J i(lel}lilir(l Lo acc(lral(’ly determine CSF\

!)3
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Figure 3.24: 11.il’ 3Q\J’’}\$spectrum of ‘7R.b in R.bN03.

parameters. This is most likely clLIeto the existence of other

including clipola.r coupling. For hlQ\~.4S t.o be useful, SIICI1

small enc)ugh that they do I1OLobscilre tile (!Sf\ e(l’ect.

The next chap(.er SI1OIVSthat ~1>s~~ii,(.lli[lg-?l[lgl(>spinning

a.nisot ropic interactions

interactions have to be

($ AS) spectra for quacl-

rupolzw nuclei arr n]orc scvwit.iw’ to sn]ail lariat ions iii t{uler angles between the chem-

ical shift and q(iad ru polar pri nci IX]laxis sj”s(mns ( l)~\S ) [S4, S6]. The two-dimensional

3QVAS patterns for I = ; nllclci m?]y also he used to yield silmila.r information.

Figure :3.25 shotvs the si mulat WI ~1~ :]Q\’-4s spec(,lyl. Llsing same chmmical shift and

qua.clrupola.r parameters. }\s one can see. the patterns sho~v a significant dependence

on the relative orientat,ioll of the t~vo hwsors. tll(ls providing a. promising method for

f)~



-2000

-3000

(a) (b)
$ II I

I I I I I 8

-2000

-3000

-4000

6000 7000 8000 6000 7000 8000

11,,,,,,,,,,,,,,,,,,(c) (cl)

I I I 1

60007000 8000 9000 60007000 80009000

Frequency(Hz)

Figure 3.25: Sil]]lllali’cl lIv~j-(lit]l(Jllsi{)l1211:l(~\”:\S I)at.t.cl”]ls [Vit,l] []iffe~~nt
Euler angles. ‘1’11(’l)?ll”?ll)l(”l (’1”S llS()([ ill tjj(~ sil~llll~]ti~~,ls ~I*e ~Q=:~.o~lHz,

qQ = l.o, Ji.,” = O.oppnl, )/e>. = 1.0, / = 3/2, Ld” = 150h111z. The Euler angles
are(a) (0°,00,00) (l>)(OO.OO.-l!jO) (c) (0°,00.900) (d) (!)00.900.900).

. ,. . . ...... ...p“,-’..,- ,>.,, ..- e

!)i’

:..’- ~-,,--:- .. ,,--



quantifying the 12uIer angles.

3.7 Alternatives to DAS and MQMAS

3.7.1 Double Rotation (DOR)

DAS and MQMAS are Lwo-dimensional echo like experiments that reconstruct

isotropic NMR spectra. for quadmpoles in the inclimct dimension. Double rotation

(DOR) is a. simple experiment that does not involve this second-dimension [87, 88].

However, it is technically more clifficult since tile s~.IIlplc is spun a~oun~ two angles

simultaneously. The two angles are, CI1OSCI1to he the roots of the second- and fourth-

orcler Legenclre polynolnials (.5.1.7-1° and 30..56° ). “ro clerive the 1-1a.mil tonizm under

DOR, an extra. rotation (.1.t~l~sfol.[1~~~.l.iol]is involvecl and Ecln 2.S4 is necclecl.

.-t:),.-t~_,,,= ~ < lop,], -In. > (L,() (3.89)
/=0.2,,1

Notice that even Lho[lgh Lhc’other a ppmach that expands the second-rank tensor

product (EcIn 2.76-2.S2) works 1.00, it is w’ry Leclious t,o use with this extra rotation.

alo now has a dcfi nit ion di ITeretlt from Eqn 2.S.5.

In this eclua.tion. L+l and &I~2arr i Ilc spin ni I]g ratm at t.fvo spinning angles 01 a.ncl 02.

If only the tilllc-il]clel)cll(lcll{ trrllls arc consi(lmcd. \v(’ 11ave 7?= j = o amcl

(3.91)

Notice that

‘f) – /J/(cmso),do{, —

9s

(3.92)



The frequency slli lit llncler 1)() l{.can he ivritten as

~2Q = #Q
iso + A;(aQ, ~l(~)l>z(cos01) f3z(cos0z) + r~$(QQ, /3Q)l~{(COsOl)Pq(C0sdz).

(3.93)

Since

P2(COS0,) = o (3.94)

P,(COS02) = o, (3.95)

only the first Lerlll in ]Uln :1.9:1 is nol]zrro (isol ropic 2nd-order shift) ancl high-

resolution is achicvcd.

DOR, has I)ecn succcssfitll)l ([sNI LOsL(idy a. series of aluminlln] or oxygen contain-

ing materials [S9, 90, 75]. ‘1’llcprol>lell] lvith 11011 is that. it requires sample spinning

at two angles al, ll)e sat)l(’ t imc and 1II(>o(ll.er spinner can only be splln at about lkHz.

Even with rotor syllclll.otliz:ll.ioll” Ivhicll creates a virl. ualspinning sped tlvo times as

fast as the real spinning spd. tllc spKLra arc still col]gested Ivith sidebands that

spectral il~t,[~rl>rel,:~t,io[lis okll con}plica(d.

3.7.2 Dyllamic-A@e Hopping

DynallliC-illlgleIlol)l)illg(]]j~][) [!)1]is an int(>rcslillg l,iv(j-(lil]](>llsi[)[li]] experiment

that rotatrs the saIIllJl(’ wII”j” slmvl)$ Ijllt Iolal l!. r(’lllow’s 1Ile sidclmllds ill tile isotropic

dimension. The isolrol)ic din)ensiol] is rollsl.rllcl(’(1 Ilsitlg a similar scllcme as DAS

and a hoppiilg is also illl”olix’tl. ‘1’11(1(,slwril~lclll i> ail (’St (}llhi(Jl) of Lll(’ l]la~ic-an~]f;

hopping (hl Y\ll ) rxlx’rilll(~lll [!)2]. ‘1’!i(’l~asic i(lm is 1Ilal Iligll-l”(>sol[ltioll and removal

of spinning sidrl)at ids :11(’I\vO(Ii(lcr(’111~oals in Nil 1{atld caIl lx: dralt fvith separately.

To achieve lligll-r(’sol(lt.ioil. [.IIc sal]]l)le cIocs I)o[. IIecd to k sp~ll] very fast (DOR is

an example). Fast spill nil)g is 017elI IIs(’(1sillc(’ slolv sl)illllil)g ~wives extra, sidebands

[22, 9:3].

neeclccl.

f tl~e si(lelx]t)(ls mII Ix’ wIIIOvd Lhrotigll 0111(’rIwlys. fast spinning is not

\)f)
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In DAH, high-resolution is a.chicvml by spinning the sample first at 63.43°, and

then a.t 0° (k = .5). The sideband is removecl however, by applying five pairs of pulses

at 63.43°. Since I have chosen not 10 include a. complete description of spinning

sideband theories in chapter 2, I will not go any cleta.ils a.l)out how DAH gets rid of

the spinning siclebancls. The technique cloes not, fincl much application, because a

DAS probe is still rec]ui red ancl the large number of RF pulses used may render many

samples inaccessible.

100



Chapter 4

Application of MQMAS to

Aluminum-Containing Materials

The use of mLlltil~le-(lll~~[lt,[lll~nlagic-a.nglc spinning to study ‘7A1-containing ma-

terials is probably the l]IOS1ilnport, ant application of this experiment so far. Alu-

minum, along willl oxygen and silicon, is ol]e of (,11(’most commo]l nuclei in zeolites,

minerals, glasses a]ld ol.l)cr tecl] nologically im portant ma.teria.ls. Solid-state Nh4R

is becoming incrcasingl~. il]llmr(anl in resolvil]g some strllct. ural and quantification

problelms in these nlatcrials [91. !J.5.Xi, 97, 9S, !J9, 7S, 100, 101].

In alllllli]losilic:~i.~~ and alull~inate cr.vsl als and glasses, there are three common

types of alumil]llnl etli’ii”c)tlt]l(:tlis Jvitll di[fwwl[. alllnli[lllnl coor(lination numl>er. The

four- ancl six-coordi nal ml al Illlli nllnl sites ha.i’e Ixwn idcnti fied in a series of glasses

[102, 10:3, 104, 105, 106], eveII lhoIIgll 1.IIc slatic and MAS spectra of 2iAl (I=;) in

glasses arc often poorl~” resolve(l Imcallsr of (Iisordcr and quadrllpolar broaclening.

The four- and sis-(.oo[”(lillii(.e(l alllllli[l[illl site apprar aroul]d 60 a])d Oppm respect-

ively, w]lcreas Ll]e (lili](lt”llljol;lt” rolll~lin~ (“ot]slal)ls for cacll Lypc of sit-m may range

from 2-:3MI-lz Lo IOJIIIZ. :\ll Nkll{ lxwk amllt]{l :~Oi)l)tll Ivas also olxwrvcd in many

silicate materials. (’sl)(’(ji~ll)” ill sal~~l)lcs ljrcpare(l II II~le I” lligll-1)1.(’ss~ll”f’[107, 10S, 109,

110, 111]. Tl)is peak JYaS al 1ril)llle{l I() (ii”(’-(.c)ol.(iiilill(’[lal(llllitl~llll ill tlllalogous to

the assign lllcl)l. 0[ Lll(’sili(x)ll slxx.1 ra [112]. cf”eli I.lloligll Lhc esistrllce and quantific-

ation of this sil.c reil)aill (“[)111.1”oi”(’1.si:lI [1 1:1]. ‘1’lle lligll-r(~sol(lliol] acllievml through

h4Qi14AS may sllinc grca[ Iiglll 011 Lllis IjIOl)leII1. In Lllis chapter. I Ivill discuss some

of the experiments (Ila( arc p(’rforlll(}(l otl <~lltil~illosilic:~i,eand alllminate samples that

leacl to a. relaf, ivcly clmr I)i(l III(’of I11(’sf’Illal(’l”ials. ‘]’ltc ulilily and f)lle Iilnitation of
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MQMAS are also discussed.

4.1 Interpretation of MQMAS Spectra

Before going into a.11~1detail about our 2Tf\l experiments, the interpretation of

MQMAS spectra is to be cliscussed first. The goal of most solid-state NMR exper-

iments is to ext ra.ct useful sLructLIral and clyna.mic informa.tion about the materials

of interest. Such information is strongly coupkxl to some NMR. parameters including

quadrupolar coupling co[lstant (C’~) and isotropic chemical shift (di~o). For example,

it was suggested that t.llc isotropic chemical shift of 27AI or 2%i directly reflects the

coordination number of id II mi num or silicon [114, 78]. It ~vas idso found that the

quadrupola.r coupling cotlsl anlt ((!~ ) for 170 itl tile Si-O-Si lilllia.g~ is approximated

by [47, SO, 115]

~:Q(~$~ – o – “ 2cos(Lsi – o – s;)
5’;) = (:()( 1s0”)

Cos(zsi – o – si) – 1 “
(4.1)

Thus the n~easurcment of ~ll~il~i~i~l shi ft. i]l]d quad rupolar l)i].~~nl~t~~s mi].y be essential

in cliscrilnina.ting and qllilllli fj’i11: ill{llllillll m sites ~viohdi Kerent coordination number.

The extraction Of qllildl”llpola~ ((‘Q i]lld I)Q ) il]]d Chc!mica! shift parameters (di~O,

~~1, fjc~) 11111~~nOt a]\Va~S 1)(?()!jVi()[ls. F(-)I.inst il.1]~~. th(~obs~t.\Yc(l 1).AS i].]]d MQMAS

shifts are the COnlbillilt iOll Of 1Ilc isol roljic CllellliCill shift and second-order quaclru-

pola.r shifti. SpCTiid l.wal t tl(’tll Ilruls 10 1)(’ (Iotlr I o SC])il.~ilt.(’ I.lle shifts from the two

sources.

4.1.1 Spectral Simulation

Simulating Lhe cxpcrilllenl al N\’11{ Iioes is I>JJfar th(’ most ividely usecl approach in

solid-state A’Lf 1? Lo grl. i llfOl”lllilLiOll

polar nucleus, the sillllllilliol] lvollld

a.l)olll. Life anisotropic ill(,(’l”il.Ct.iOll S. For cjuaclru-

i(l(’illly iII(”IIId(’ u[) to S independent pa.ra.rneters
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(Jim, JC.S, 1]~~, ~Q, I]q. ~~. /$. ‘f). ‘1’lie Iargy t]ilt])lwr of parameters nlay overfit the data

and practically, three pa ra]netcrs (Ji$d, CQ and 1~~) are used ill simulations. This

approximation neglects ( ISA. 1>111,is l)roved adcqllat,e, especially ivhen fast MAS is

performed which mini mizcs tl]c ( ~SA effect.

The problem wit]] tllc filling proced[lre is that the nu]nlmr of fitting parameters

grows LIp quickly IvhetI t.licw are nlllllil)]e sites in lhe system. This is one of the

reasons Lhat M.l S SIXIC(ra of ‘i .41 arc of(w l]ard to ql[alify and quantify. The overlap

of the four-, five- a]ld six-c.(j[)lclill?l{(’(1alllnlilllllll peaks makes the simulation almost

impossible in solne cases. lligll-l”(~solllfioll tccllni(lllcs SIIC1la.s D.AS or MQMAS are

then useful to difrcrvntiale dislillct sites ill Ll]r systcm and provide illilial guess of

the NM R. parameters for tl]ese si (m. l]] tlic hcsl cases (Sm F’igurcs :3.!3and 3.1 1),

when distinct siles are rcsoli”ml ill LIIt’ ll:\S or hlQhl.4S Spcclrrulll, eacl] site can be

simula.led scpa ra tel~”. Ivllicll grc:il 1}. r(’(lllc(’s (hc llllnll~cr of parameters in tile fitting

and increases LIIc accttra(”~. alitl I)r(’cisioll of 1Ilc sillllllation.

4.1.2 DAS and MQMAS: Extraction Of ~i$fjand P(J

It is possihl(’ to ol)lail] A,.$,,and I)c) (dc(il)ed I)elolv) witllollt resorting to the simulat-

ion method. t\s sllo[vll ill s(’CIion :1.2.1 II($ol)serwxl D.4S or hloMi\S frequency is the

combination of 1Ilc isol rol)ic (“11(’llli(.alshill atIcl 1II(I isol rol)ic 2t](l-or(ler quadrupolar

shift.

To obtain the isol rol>ic cll(’[llical slli~l aII(ltII(J(IIIa(lI”LIImlarcolil)lii)gco[lstant, lnultiple-

field expcrinlclll.s aro 1)(’rforlll((l. ‘1’lle iso[ ropi(’ clirnli(.al sllih (j,.,,, is nol dependent

on 1]1[’ ext(!rt ial li(’l(i SI Ix>!tglII (ill [ II(’ IIllils O( pptl~): 111(>s(’(.otl(l-()[”(1(’t. (Illadrupolar

,-- . . .. . .,.-, ,
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shift, on the other hand. is inw:rseiy proportional 10 the square of the Bo field.

~zg=_:l X~06(~(~+ l)–:)C~(l+~) 132
CA

iso 40 LL);12(21– 1)2 = w:

Here,

and

~,= 3xlo(’(/(/ +1)-:).—
40 ]z(~[ – 1)2 “

If DAS measurements are done at tIvo separate fields, one gets

-/1.-1s _
p;

(), — (Sj.$(j+ C“~
‘Jo1

-/)..1.$
p;

(+ = (s;~(.,+ c“y .
W02

(4.4)

(4.5)

(4.6)

(4.7)

(4.8)

Solving the silll[[l(r:].lle(jllscq~lal.iolls gives

O1le should noliw 1.11211.(0 ol)laill Pc) alltl f$i,s{,. all JV(: IIml is LIVO Iil]early indep-

endent equa.(iolls Of /)~ ?111(1Ji,s,,. ‘~llcrefore. onc of the eclua.lions may come from

DAS (or hi:\ S). aIId LIIeO(IICI.OIIC[IWIIIAIQX!+\S. To sce (.llis. rccdl that,
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T~ .59.7+ 2.0 -:16.’1+O.2 61 .s+1 ..5 -35.7+ 0.2 63.9+ 0.6 2..5S+0.50

T3 66.1 +2.0 -:~f~.]+o.~ ~7.~+1..5 -:3S.4+~.~ 69.~+o.7 ~.34+o.50

Table 4.1: Isotropic shifts and quad rupolar coupling parameters for leucite from 11.7
T and 9.4 T 3QhIl AS ~~xl)~~l.illl(:ll(,s,dcri vcd from 3QhIl AS and ilfAS peak positions.

If the ohservcd shifts ill tl]e single- and tl.il>l(~-(l[l;~llt,~llllspectra are available, one

would get

(4.14)

Figure 4.1 slIoivs lImV I’k[n4.1:1andIlqll4.14callbe11s6’[1to extract both fQ and

l$i,g*from a single hlQhl;\,S (’.~l~f’l”ill](’lll..l]] lIIc lli’o-(lilllellsiollzll 27AI spectrum of

leucite al 11.7’1’. tllr(If’ isotrol)ic l)calis art olwcri”ml ill boll] (Iinlensiolls. Inserting

the observed sllif(.s for cacll sile ill lJotll CIin]cllsiol) il]to l?qn 4.1:3 ancl llqn 4.14, the

isotropic chemical shill al](l (Illatlrlllmlar l)rmlucl for each site can be gellerate(l

multiple experinlclil.s sliolll(l I)(J l)orforill(’(1”al tl)ai)y [i(’l(Is. This olx’l)s tile possibility

of a linmr Ieasl-s(lllar(’ lil ()[ 111(’OIJs(’riml >Ilills. Sillc(’ lllc \lQhl:\S atid DAS shifts

are scald di(~erf~lllIJ”.1)1”(’l)[”of”{tssiil~(~~111(’(~lIs(’rt”ts(lslli~ls is II(x’(1(’(11)(’~orct411cfi{ting

can lx: doIIr. ‘1’0 (10 1lli~. II!(’ol)s(’ri”(’(1sllifl is first lvril leII ill I II(’ IIlore g(’IIwal form

as follolvs.

-,,/,.$(\ = k, (i,,,,,+ I;2J:: (4.15)

For DAS, /:1 = /;2 = 1. I)ili(lillg 1)0[11 si(l(~s 0[ t IIC (>(l~lation I>y /:1, \vc grt an q uat ion

I0.3
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that can be used for tl)e IitIcar regression:

(4.16)

Plotting ~ versus ~ \vould give a straight line, ~vhose slope is the Scluare of ~Q,

and the interception is the isotropic chemical shift. Figure 4.2 demonstrates this

strategy for leucite, where the 9.4T and 11.7T data. are combined and used in the

fitting. This linear regwwioll gives significant improvement on the overall errors, and

the fitting results are mporl.ed in table 4.1.

~obs

kl

72.0

70.0

68.0

66.0

64.0

62.0

60.0

58.0

13,
////

,13-
/

[ I I [ I I 1 I 1 I I I I I I I I I

-0.6 -0.4 -0.2 0.0 “ 0.2 0.4

Ck2

klu;

Figure 4.2: l.casl-s(lIIaIYI (il 0111.7’1’ aII(l !1.’1’1’\l.J\S aI)d :l(~\lf\S shifts for leucik.
The data. and fi{.lillg reslil[s arc MI)III:I[.c(l ill ‘1’al)le 4.1.

It is import.an(. (.o 1101() LIIa[. it is illll)ossil~lc 10 extract ~’(~ a[)d 7~Q from only

the isotropic sllifl.s ill lJ:\S or \lo\lf\S SINY1ra. SNCI] ill(orlllatioll colnm from the

simulation of tlIc:Xll1{ Iillesllal)(’. III 1Ilis reslwcl. \lo~I. -\S has a sIIl~l Ie advantage
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over DAS. ‘llhe a.nisoLropic spectrum in I)AS (assuming k = 1) is a VAS spectrum

with sample rotating at 79.19° or 37.:3S0. The anisotmpic spectrum in MQMAS,

on the other ha.ncl, is a. MAS spectrum. Simulating the MAS spectrum gives more

accurate isotropic them ical shift and quadrupoiar parameters for two reCasons. First,

the chemical shift a.nisotropy does not distort the MAS linesha.pe. Second, at one of

the two k = 1 DAS angles, tl]e ISMR spectrllm has a long tail (Figure 3.4), whose

intensity is so low tha.1 can not. be prcciscly mcasurecl in experiments a.nci reproduced

by simulation. This loIlg Lai], hmvever. det,ermine.s the magnilude of the quaclrupolar

coupling constant and intro dllcessigni ficanL lll~ccltt,:~.illties.The MAS spectrum does

not have this prohlcm and ca.li Oftm k a.ccur; !.ely simulated.

4.1.3 Quantification

Sometimes, nol only (.l10Nhl II Iinesha pm for each site, but also the cluantification

for the sites are imports.11[.. Si t]cc h“loh’ll\$ is not cllla.lll,il;a.tit~(~, Lhe isotropic spectra

can seldom be usecl for clllti.11[.it,~]t.i~~epurpose unless al! the sites have very similar

quadrupo]ar coupling Conslanl<s. Tl]erc has ham some Ivork showing that DAS is

relatively clua.nt iLati w;, if the 7’[ (01..di~:rcnl sites are similar [116].

A betler approach for (l[l?~llt.ific~~l.iol]n~~]yhe a. comhinalion of lhe high-resolution

techniques ~vith the sinllllal ipl~ of sta(.ic or Jl:\S spectra [4’i]. In this approach, DAS

or MQMAS provi(lr il]i[.ial estilna[c or tlIe II IImheI. Of sites in tlIe sample, and the

chemical shifl and qIIa(l I”IIlmla I. pa IWIIIeIeIX for WICI) si(e. Tllme pa ramcters are then

fed Lo a fitting pro.gral]~ Lo fit (lie sl.al ic or h[~\S slx?c(,ra. In Llle case that each site in

the sample has lvrll-dcfillcd lillcsllalx~. ( Iiis approach is superior to other approaches

that use the inforll~atiol) fIWIIlOIIlj.OIIe{ecllniqlle.

IOS

.—



4.2 Experiments

4.2.1 Sample Preparation

The sample of the ilalllra] fralnewrork silicate mineral leucite (I~AISizOc, from

the Roman volcanic province) has been previously studied in detail by 29Si MAS

NMR [117]. %veral samples of crystalline anorthif c (Ca.A12Si208, a.notller framework

silicate) were prepared I)y LIICnlc[ Ilod d(>scribed ill a detailml study of Si/Al disorder

[11S]. A glass of this colnlmsil ion \vas prcparcd by n~clting of tile oxides at 16.50*C

for ahOLlt 1 I101II” fO!lOIYV(i Ii.v air clllcllclling. Several portions of t.hr glass were then

crystallized by rel]eal illg al 14000{.’for citller 4 [Ilinul.m (sample 1) or 6.5 I]ours (sample

~). po~vdel, .x-ray ~li(~l.a(.(,iollOil (,11(%(,Salll]>l(%.all(l ‘{’Si MAS NAl1{spectra, showed

only anorthite Lo be prcseltt. ‘1’llc Iatl.cr slmc.1.ra c]osc]y rcwlnl)le Ll]osc of Phillips et

al. [11S] for samples c[.ysl.ailizm] (or 15 nli[lutcs at]d 179 l)ours, respectively, and thus

have a smaller di frercllcc i11t,llc (’xLc]]{.or disorder Lila.11expected (prcsLllnably because

of vagaries or tliermal hislor!” at]d Illlcloation kinel.its). A sample ornatural kyanite

(A12Si05, locality i,nl;,)o,v,l) ,Yas also sclectml i,] orclcr to Lest Llle relative excitation

efficiencies ror .~l silts ivilll ~vi(lcl.v i’a[”~”iilg qIIa(l I”II Imlar collpling coIIsta IIhi. A glass or

‘)() II IOIC()( A 120:j Ivas seiectc’cl because ofcomposition -10 nlolc% \l@. ‘IOtl)ole(fi) 11203. -

its large coll(”clll,rtlliolls 01”ro(ll”-.fi\v.antisix-(()()l(lillill(’(1 alliilliillllll as deterlnined

previously b.v ‘;!\l \l;\S X\l l{. aIId IVaS ;IISO l)relmre(l l))’ misil]g aII(l nlelting the

oxides.

4.2.2 NMR Spectroscopy

The MAS cxlwrilll(~llts a( . .() l’]’ Iv(tl(>l)(.l.[{)l.lll(.(l011 d. m(di(ird \;ariail \/.X R-4OOS

spectrometer ivitll a 5111111I]igll-sl)(’(’(1\l:\S l)rolw rl”olll DO(Y Scicllli(ic, Inc., with

spinning rates or abolll I I I;l Iz. ,\l 11.7 ‘~, rslx’rilllent>s ~verr l)[~rrol”llj(~don a Clle-

magnctics spcct 1“0111(’leI.IIsili:g 1II(’ s21111(II)i”t)l)(’ or a llolllc-l~llill. l):\S probe described

1()!)
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in the preceding chapter. Sl]ill-l~~(.(.icc:lela.x~~t,i(JllLinles(7’1) were measured with the

saturation-recovery metlmd. and delay times in 3QMAS experiments were chosen to

beat least3Tl toass~lre l~et~.rlj’colnplete rel~~xa.t,ioll.Thelowefficiency of the triple-

quantum excitation, ancl the t,i~’o-dinlellsiollal cla.ta. acquisition, resulted in typical

total acquisition times for the spectra. shown here of 12-24 hours, much longer than

times typically requimcl for 1D. sillgle-(lllalllto~il~lMAS experiments (typically a few

minutes for 27~\l). IJsefu I 3Qh;l ~\S spectra. c.a.n generally be obta.i ned in somewhat

shorter times of a few holi rs.

The pulse sec!uen ce used lva.s the shi R-ccI1o :3QMAS sequence and is shown in

Figure 3.10. Tile first and sccolld piilses are solid-slate 540° pulses a.ppliecl with

the highest allo~va.hle prover (. XMiOliIIz). The third pulse is a. 1SOO pulse applied

with lower polver ICVCIa.tld is ?ll)l)i.oxilll~l.l(lly 1.5-20/1s in dura( ioil. “1’hc11 period was

selectecl to Ilave a. divel I Linlc lvllicl} lww eqlla.1 10 Lhe desired / 1 dwe] I lime (after

complete processing) multi plid hy &. ‘l%is facloor arises from the scaling of observed

shifts (Table :3.1). Tile M~\$ Iz slx~clra.1 ~vidlh was usually 6-20 kHz while in the tl

dimension it was llsually 6-15 kllz. 1lsllally 40-100 ~1 poinls ~vcre req{lired to obtain

spectra. without truncation art.i lacls. ‘1’he dela~~ bet~wwn the second and third pulses

was set to values mnging fro]}] I-3 ms ( 10-:30 rotor cycles). In the referencing stage,

the offset in the isotropic dimclwio]l (11)(’ppm ~falue of the center of t.l)e resulting tl

dimension spectrunl ) Ilcml to lx’ multiplied h.y ~ or -R.

The determination or t I]c iso[ ropic chenlica.1 shift (~lj.,ti)a[ld (Iuadrllpolar coupling

prodllct, PQ ~vas CIOI}CIlsil]g I.11(’aI)pKNIClI(Icscrilwd a.( 1.1)(:Iwgin[iing of Lhis chapter.

When possible. hl:\S I)(v II<slIalMJs ill slices or tiIP ’21) spec.[.ra !v(~r(~fitted with a

least-square progral]l (Iililizing t I](’ (’l?ll X 111 NIT1’”f’ Iuiiliilcs) ii] Ivllich all relevant

parameters in the Al AS IXVASIIa IX$(~Q. IIQ. ($;S,,.i llt,~?gral,~d in(,(>nsi(,~, l~orenLzian and

Gaussian broadening)’ iv(’ro al IOIVMIfo la ry. IN grncra.1, the tlvo methods produced

II()



4.3 Results

4.3.1 Leucite

The Iellci[e hlQhl~\S spw( r(IIn lIas IX:CIIslIolv II in F’igllre 4.1 to demonstrate

different strategies in giving IISrfIIl Nil 1{ lm1211net rrs. This mineral lIas a complex

structure wit.]] tht”m cr~xi allogwpl)ically (list inct tetral]edral sites (T1, T2, T3). Be-

cause of the complcxil.y of 1I]c ‘“Si spcct ra (as [nally as 1.5 overlapping peaks), and

the low resolutioli of ‘7:\l \l:\S spcctrut)] (I;igllrc 1.:1), LI]C~rac(iol) of’ tile total Al

on each site remains illll)recisely kIloiv II. illmlels of essentially identical 29Si spectra

have yielded fractio!ls (~faljolll O.i. O.Z. 0..1 01] ‘~1, ‘1’z.Ts r(wlwcl ively, in one model

[117], 0.2.5,0 ..50,0.2.5 ill a S(COI)(IIl)mlel [1 19] al]d 0..50.0.25.0.2.5 ill a thircl [120].

The hfAS spectra sllmvtl ill I;igilr(’ -1.:1S(’(’ll)s 10 Sllgg(’st 1Ilal II)c fractions are

0..5, 0.2.5, 0.2.5, collsisl(’111.ivil II mrlier al]alysis of ‘T:\l ll!\S dam I)j others [121].

I-Iowever, this concllisioii is I)aw’(1olI (he asslllnl)liolt 1hal I II(’(lLI:l(II”lII)OI:II.coupling

constants for cacll silt is so sl)lall 1Ilal 111(~\l:\S slwcLrlInl is a slll>(’1.l~ositiollof three

Gaussial] lwaks. ‘1’llis l)l;I)” II(J1 I)(’ 1rllc sillc(’ illlcllsilj. in ollc JJeal; l)lil~ colnc from

the shoulders ill I II(I (ltia(ir(Ilmlar Iiil(sllal)(l of’ O(I)er lxwks. ‘1’llc ‘T.A12D :3QMAS

spectrum of lc~lcile ( I;’igllr(’ i. I ) slIolvs :; l)a Il iallj ol”crlapl)illg Ixwl;s corresponding

to tl]e Lhrw sites. ‘1’11(~ l)lx~,j(’(”tioti ill I II( is(}lrol)i(. (Iil)l(’llsiotl SIIOIVSconsiderably

better rcsolulioll 1lIaII \l:\S SIWCIm ill I:igllrc [.:). (’otnparwl 10 LIIe \I}\S spectra,

the 3QIM.AS data a w Inorc (1(’(i[iit.it”c ill rllling fJIIl aIIy illllllcllrc of’ second-order

quadru polar mill)lillg 011 lxzIl{ sllal x’. I:it tillg 1IIC 1)1’ojeclioll Jvill] L]IIW Gaussian

peaks suggcsls 1Ilat 1II(’ iillvt)sil ics 0[ 1II(, I Ilrc(’ Iwaks are (L(lllal lvitllill about a 2070

error. Rcsidllal I)r(xld(’llillg. 1)1”(’sIIIIl;IljlJ”(IIIC10 I II(’(Iisor(ler(’(1 211.I”;III$(>III(’111of second-

111
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Frequency (ppm from 1M RbN03)

Fi ure 4.3:
7

27A] lvi.I\S SIJCCLMor I.rllcite. The spcctrLln~ was taken with the
Ham-echo sequence. Tllr spectral region 40-SOppnl is expanded to show the three
partially resolved peaks.

neighbor cations and a. resulting distril>u Lion of isotropic chelnical and cluacfrupolar

shifts, a.ppea.rs 1,0Iinlil file llltinlal.~ rmollllion<

Imperfect, site excit,aticm has Lhc potential to becluit esigniflcant in3QMASex-

periments, making (Illzl.ll{,ific;l.(jio]lof intmsif,ies complex. Even though a long pulse

is capable of tra.nsfcrring cohcrcnm [ronl a Z(VO to a t.ri]>le-(llla.l~(jlllnstate, the effi-

ciency of this process is !Iighly depen(lcnt on CQ ancl on the overall Rl? field strength.

An assumption of unifoml cxcilalion is LI)Nsnlost likely to be valid if ~~Q values fOr

diffemnl sites arc’ similar. Ikicl. ~“’c~la III(’S arc nol I;notvn for lcucik, but data for

isotropic chemical slli ~[s and for l~z Ilavc lx’ ex( uacLed ancl sllcnvn in Table 4.1 from

the tlvo-clilllc~llsioll;ll N\! 1{ slwc[ m a[ SJ..f’l-aIld 1] .7’1’. TIIP cllenlica.1 shifts agree well

with values previously (Icrivm! (1”0111~1.-\S slwclra. illcllldii~g saldlite sidebanck, and

~Q data. are consistent. ~vilh prm)iolls ro(Igh estimates of 1-2MHz [12 1]. The close

similarity of Lile 1)~ valllcs for Lhe three peaks suggests that in this case intensities in

the 3Qhf.4S experiment ar(’ likely [0 lx} (Illal]ffi(.ative and thus imply site occupancies



that are sommvhat. discmpaa( from prcvio~ls mo(lrls. [;ivel] Lhc disagreements among

existing moclels, however. tile sigmifical]cc or (heir (Ii(fmences with the present data

are uncerta.i n.

4.3.2 Kyanite

Kyanite was studied to furtlIer assess the qllantificat.ion of 3~h4AS pdi intens-

ities. The mineral co[l(ai[ls ~1e(lllally popti]alcd oct. alldra] Al sites, with ~Q values

of 10.0, 9.4, 6.5, and :1.7 hlllz. ‘1’lle hl~\S specl rum is contraste(l with the isotropic

projecl,ioll or Lllti :loi[f\S slw(”l rlllll ill I>igllre .1.-1. ‘1’he resol{lt ion in Llle latter is

dra.ma.tics Ily increasml: s(’l)aral i(~l~of Lllc l)(~alis in I lIP Iatkr is enhal~ced by the large

range in ~Q, and I)(:a]is:11”(’IIILICIIIIarro\vcI”lKYaIISCor f]Ie full averaging of the second-

order quadrupola.r I>roadc]lillg. Evctl sil.cs Ivil I

observed. I-1owcvm. it is clca r llta L ohsertfml

very Ia rge ~.’Q vaIues are excited and

nLensi Lies a.w system at.i ca I ]y recluced

4.3.3 Crystalline AnortI~ite

Anorthite is ail exr(’llcnl 1(’s1 for ~;:\l s])(*cIral resolution: it l)as eight crystal-

lographically dislitlr[ I(’Irall(vlral :\l si[(’s. altcl is f(lll:” or(lcr(’(1 (Ilai [Iral saml)les) or

nearly so (syll( Ilclic Sil II Il)l(’S). (‘Q i] 1)(1 //v \“illll(W [01” ?Ill sil (% llil\’(2 1)( ’(?11 reported

frOlll single (“l”\Slill (Iill il.

MAS spectra arr CO[]]I)lCI

)111iS(J[l”(Jl)i(” cllt’lllic:ll sllifls ar(’ II()[ lillo\\~l]

‘i)” 11111”(’S(Jl\”(’(1. :l(~Jl,\S (Ia[a at 1 ].~ T fO~

crystalline a.l~orl.llil(’ il[”(’SII(JIVIIill I:i:gllrc [..5. ‘1’1)(’sl)(’cl rultl is collll)lrs. II(IL cont,ains

a number 0( sigl)ificaal. l“(’Sol Vill)l(” 1(’iltllt”(%.

same in overall aplwa ra llc(>\vil.11slight sllil”ls.

crystals are very silllilar. if lj(’l”lIalJs sliglllly

ka use 27/\l

more ordered

‘1’II(J!1.1’1’ SpW(rIIIII is essentially the

1{(ss1111sfor [IIr somewhat, less ordered

1(’ss \v(’11-rmoli’(Yl.and Ilave not been

11:1
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Figure 4.4: (above) 27AI M}\S spectrum for kya.nite; (below) Isotropic projection of
3QMAS spectmm. La.bcls indicatx PQ for each site.
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analyzed in detail. 130tli approaches described at the beginning of this chapter are

taken to analyze the data.. In both, slims t.hrougll the 2D spectra. at the positions

of obvious spectral fea.t(lres were taken (Figure 4.6). In the first approach, the peak

[ I 1 1 1 1 I 1 I 1 i I 1 I 1 1 I I I 1 I I t 1 1 I I f

-32.5 -35 -37.5 -40 -42.5 -45

Isotropic Dimension

ppm (from 1 M 27 AlCl~)

Figure 4.5: (.~ontoilr 1)10[of ‘T:\l :lo\l:\S S\l 1{ slm”trllll] Ior crystal al)orthite at
11.7T. The 11[111)1)(’1”poillls sllo\Y 1II(’ l)osili(~ll of siiiglllaritim. t lIrOIIglI ~vhich slices
were taken (OI.silnlilal ions.

position in tllc ~’1 clilll(’[lsi(~ll 211)(I1I](J tx’lllcr or grat”ilj. in 1I)()~’1 (hi;\.S) dilnmlsion

were determined, and J,.,,, aIId /)~ ivcrc (“ale IIlalcd llsing Eqn ‘1.1:1 a.lld -1.14. Results

for the cia.ta. at 9.4T /]Ild I 1.7’1’are slloivll ill Tables -’l.? and 4.:1, and are consistent

with each other witllii] cslilllalml 1111(.(’l.l:lillli(’s.

I I.:)
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Pea Ii j,~f.,ls(ppln) &~fiI,l.s(ppm) J~.O(ppm ) P~(MHz)

1 4s.0+3.0 -:3.5.4+0.2 5S.4*1.1 5.43*0.50
~ 61.0+ 1.0 +3.0+ 0.2 63.94-0.4 g.&3&().33

3 5s.0+:3.0 -37.4&o.2 64.4+1.1 4.26+0.63
4 .5.5.0+:3.0 -:39.1+0.2 (35.~+1.l .5.3s&o.50
5 47.0+3.0 -~~.,5*().g (jG.~+1.l 7.37ko.37
6 40.0+.5.0 -44.4+0.2 65.S+1.9. s.54&o.52

Table 4.2: Isotropic shifts and quaclrupolar coupling pa.ra.n~eLers for crystalline
anorthite from 11.7’I’ :3Qh4.4S experiments, derived from :3QMAS and MAS peak
positions.

Peidi (SJ[4.i~(pplll) 6:]fJ,\f,~$(pplll) Ji$o (Pplll) ‘- PQ(MI-Iz)

1 40.s+2.0 -:37.1+0.:3 57.7*0.S 5.53+0.21
~ y).o+l.o -:36.2+ 0.2 63.4+ 0.4 2.s:3+0.20:
3 .56.0+2.0 -:17.1+0.:3 6:3.3+0.s :3.64+0.32
4 .51.1+:3.o -y). ]+0.:3 6:3.s+1.1 ‘ 4.s0+0.36
5 :36.6*4.() -45.6+0.:3 6.5.9+1..5 7.~s+o.32

6 ~.~.()+~.() -49.0+0.:1 65..5+ 1.9 S.56&0.33

Table 4.3: Isotropic shills and quaclrllpolar coupling pa.ra.meters for crystalline
anorthite from 9.4T :3QhIl {\S ex]mriment. s,derivecl from 3QM AS and MAS peal{ po-
sitions.

MAS pk%dishapes in slicm of the 2D spectra: Ivere also si mula.teci as described in

the experimental scclio]l. For exam pie, the slice projected from -34..5 to -36.5 ppm

in the W1dimension (~vllicll coll[aitw (.JVOdistiilct sites) is shmvn in Figure 4.6. The

simulated spectrum agrees tvrll. Ivitll all singlllarities appcariilg in the wz climension

of the experinlcilt.al dal a H.ses pf’clml. one Imssil)lc Iin]itatioli of this zpproach is

nuclei in crysh.lliles ~villl tli(~m(’[11 oricllld(iO1l. IJU1 if’c do 1101.exl)ecl, this problem to

be severe in (<hiscas(I. RmLIlt.s of sin)ula[iol]s are slIo\vII ill q’a.blc 4.4. The fit allows

assignment of al. Imst. fiw’ fml.il res ill the spectra. Lo particular crysdlogmphic sites,

based on pul>lishecl single crystal data (TalJle 4.4).

Il(i
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Frequency (ppm from 1M A1(N03)3)

Figure 4.6: MAS Pr[jjection ft.on] -:14.5 (o -:16..5 ppm in the isotropic dimension of
the 11.7 T :3QMAS spec(, rllm Or anorthi(e. Tk simulation of this slice was fit and
the parameters arc thcxw for peaks I at)d Z as SIIOWI1in Table 4.4.

A sixth feature, at [I]e lmv fIqIImc)side ill ~~l. can he sinlllla.tee] with paramet-

ers that are closc~st 10 {I]ose eslx>ctml for Llle OziO site, l>Nt could prold]y also be

a.ttrihutd to ozo~” ((.’~~= ~.’l hll]z) oi” 10 illo[)~ ((”’Q= 6.:3 h’iflz). [n fact, the whole

tail of the spectr(lm ill lllis regioli colll(l lvell lx’ comprised 0[ Iwot.ly rcsolvd signal

from the three peaks lril II largest ~’c). .\s IIOl d almvc for I{)”anit.e, peaks for sites

with relatively large (.’~~arc (>S1)(’(”{(’(l ((J I1211°Cl“WIIINY] illl Cll Si[ i(% M IVCI] M ~~eate~

widtl] in llIe J2 (Iilll(’l]siol], aIIcl[IIIIS aw (IxlM’(”id Lo k relatively difficult to observe

with 3~hl AS. ‘1’11(1I)twatl fml IIIXJ011IIIC Iligll fr(’(lllell(”y (&*l) side of Lllc tallest peak

is also likely Lo lx’ ([11(’10 an II II I”mOllwl lwak. again lx)ssil)l~. OIIC of Llle Ilnassigned

peaks wit h la rgr L:f). 1[1gCll(’l”al. t II(’?~gl”M’lllCllt.IX’IIVCCI1tile I“(%ll]hfor~MOandPQ

of the two approaches 10 assiylillg slwctral (ml ures is cxccllmt.

The estimated isot.rol)ic cllvlnical shifts for the five datively wdl-constrainecl

sites are ploltd in 17i<gllrc Ii’ as a fllllc[ io[l (jf 1Itc llleat) iill(il.1.[’tltllle(lral (Si-O-
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~ -35.9 ~ -:?5.s 6:3.6 ~.~6 0.53 2.78

3 -3’?.3 -:37.{) 64.7 4.:39 0.51 4.58

4 -39.1 -:39.0 6.5.6 4.87 o+~~ 5.17

5 -~~.~ -40.3 66.3 6.5s 0.70 7.10

6 -44.0 -45.0 66.2 S.19 0.65 8.75

Single (!rystal Rmulls and Assignments
Single Crystal

Peak CQ(MI-IZ) Q PQ (N I“lZ) site nma.n angle

1 5..5 0’:42 .5.7 n70i0 14.5.4°
~ 2.6 “ ().66 ~+s 77?zio 137.9°

3 4.4 0..5:] .1.6 0000

4

13s.0°

4.9 0.7.5 5.:3 11?.:00 1:3:3.5°
5 6.s ().65 7.3 Ooio 131.1°

6 5s.. 0.6(i $).1 Oz’io 1:32.00

Table 4.4: R.esLIlts froII~ fitti[lg LIIChl.t!+ projections (slices) OLIt of the 3QMAS
NMR spectrum at 11.7T for crystalline anortl]itm, compared witoh previous results
from sing] ecrysta.1 ISMR.[ 122]and \vi(cll mean ,5i-O-Al boncl angles fromt hex-ray
diffraction structure. ljllcer(.i~.illl.i(!sill fi[.(,(:d~~~i`allles i~real)oliL 0.5hflI-Iz; il~7?~about
0.2, and in d~~~about. 1 102 ppm.

Al) angle. .4s expccLcd (mm previous hl~\S NMR studies of both 2%i and 27A1 in

framelvorl< allllllillosilif:.ill.(Ys.($;.,(,clccrc?lsf`ssyst.elllat.icillly1f'il.ll illcl”c~asillglmea.nangle.

The:3QMAS da.t,a fall CIOSCto a Iil]r I)rcviollsly fitt.ecl LO data fron) ordered phases,

confirming the accuracy or l.llr nmv dai a an(l of 1.11(Isile msigllmenls. An earlier fit

that includecl clat.a for disor(lcml ]nil]erals as IV(III agrees CVCII mom clmely with the

anorthit.e clala. “~llis agr(IrIIIrIIl IIIay I>(I fort IIil.oils. ill IIIZII lx)IId a.IIgle calculations

for disordered crysl. alsa.1”(1l)a.wd o[l average loIIg rallgc SLIWCLIIIYLa.ncl thus may be

distorted by the lack or (laL:~0[1 [rl[c local Imllding geometry.

11s
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Figure 4.7: Isotropic cl]c]l)icalsltifls foratlott.lli{.(~.” derived from 3QMAS data, plot-
ted against the nleall Si-O-.Al allglc (0) at (JaclI site. Only six sites are plotted, as
data for remaining l~vo am tlo[ ivcll consl rail]c(l h? the spectra. Solicl circles: results
from simulations or slicrs in I 1.7 ‘1’spccLrIIIn; so]td Lriangies: results from ~1) peak
positions at 11.7 ‘1’;mlid s([iiarrs: WSIIIISfrom 21> peak positions at 9.4 T. Solid line
is a fit to data for a varie(~. of ~lllllllil~osilica(cs (Imtil ordered and disordered) with
6 = -0..500 + 132: daslltd iit]c’is a fil 10 (Iala for ordered SlrLICLUR only, with ~ =

-0.770 + 167.9.

4.3.4

The

ure 4.S.

Anortllite (CaAlzSiz OS) Glass

3~hl:\S Sl)tx”(rlllll [01 III(’ glass 0( arior( Ilile conllmsitio[l is s]io~vn ill Fig-

As exp(’cl(’(1 I-l”oll) [.11(’ \l.’\s SIMY”I1“11111. it is I)roa(l aIId iit]t.esolved. The peak

maximum ancl 1.1)(’(“ci]l(’r or tl]ass ar(’ sllillr(l IJ). ro(lgl]l)” 5 ))pl)l frolll those of the

crystal in lmtl) (Iil))(’l)siolls. SIl<gg(IS(il],q a (1(’(”1”(’;1S(’ill lIIC II}ea II cllrmical shift and/or

an increase in lIIC II1(WII {’c). ‘1’1)(’II IIICII gtx’atcr oi.crall Ivi(lth is lIol s~lrl)rising in light

of the disorder ill Ll]c glass.

Ill h’lAS S1)(’(”(l“il Of glaSS(% ill Ivllirll :\l is exlxx”lcd to I)c folll’-(.oor(lillate(l by

oxygen (as ill Ll]is co Ill )(~si(ioll). (11(’t.(’is (J(ICII si$llificalll sl)(’c(ral illtensit,y ill the

l]!)
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region of isotropic chemical shi k for five- ancl sis-cmorcli na.tecl Al. In the absence of

clear, discrete peaks in sLIc.hspectra, it. is gencrzd ]y assumed that such low-frecpency

tails are the result of seconcl-orcler quaclrupola.r broadening. (This is supported by

the narrowness of satellite transition sidebands in MAS spectra.. ) The 2D 3QMAS

spectrum confirms this conclusion strongly: in com pa.risen with clearly separated

features for AIOS and f\lO,j grollps as seen in tl]e glass clescribed next (Figure 4.9),

there is no cletectal>le i n{.ensit.y al. these posil.ions in Lhe Ca.Al&iz08 glass. On the

other hand, the ?D shapes or t II(JJ\ 10.1 peaks in lmtll glasses are surprisingly similar,

perhaps suggesting si mi Iar ral)ges or Jk, and CQ.

This material ~vas chosen Imcallse it cent.ai ns sub-equal concentrations of four,

five-, ancl six-coordi natccl A1, which are clearly seen as pa.rtia.lly resolved p?aks in

27A1 MAS N MR. SpeCtra. Tile 3QNl:\S spectrum is shown in Figure 4.9, and has

three well-separatccl peaks that can lw assigned [o the three coorc[ina.tions. The lack

of significant overlap of the 21> peaks iIldica.t.cs that 1his approach may be very useful

for detecting (or CXCIudi ng) tile prmetlce or rela(. ively smal I concentrations of the

higher coordina[.iol[ states, tvlioso IJKISCI)Wis likely 1.0be a.mhiguom in MAS spectra.

Estimates of isC)l.rOpiCCllclnicdl Sllifls aII(l qllaflrl.lpoiar prod lld.s ~2Q for these peaks

can he made I)y tlleasllrillg I.11(*Ix)siliull> Of 1II(I lmal; Illaxinla ill lm( h climensions as

above. For the :\lO[;. :\lofi. aild :\10., lwaks rcslwcl ively. lve ob(.sill 4.31, ancl 63 ppm

for 6is0 and ~. :1. atld .5 \I 112 fOI”( ‘c). ‘1’I](Iscres[lll.s are colnplica.te(l by the likelihood

of overlap of sigl)al frolll sit (IS Ivil II varyi tlg I)aramckrs Ivitlli tl ea.cl] Ina.jor peak, and

uncertainties arc al. least 2 ppll) and 0..7 10 1.0 All Iz. ‘~lle relative population of the

above three environ ment.s 01>1ai nod frol]l (he Lol.al projection of the 21) spectrum is

about 1: 2 : 6. As sho\vn Ix>forr for [ I](’Ii.vanilie sample, llo\ve\/er, the triple clua.nturn
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o -25 -50

Iso[mpic Dimension
ppm (from 1 M 27A1C13)

Figure 4.8: C!ol][olll IJ101 of 27.-\l :lo\l;\S N\lli spoci ru[ll Ior G~.A12Si208 (anorthite
- ‘l’. ‘1’l)f’ IXWI; assigl)al)lr (o :\l O.l sitm is Iakled. Note thecomposition ) glass al I 1.I

absence of Ixmks at 1II(’ :\l OI and :\l Ol; r(’giolls scet) ill Figllre -1.9. low-intensity
feature Lo Icl”[0[ Illaill I)cak is a sl)illllillg Si(l(’l)illl(l (SS13).
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excitation efficiency for Al sites systmnatically decreases Ivith increasing

the intensity observed for the Al 0,1 peak is likely to be underestimated

the others.

The 2D spectrum is consistent with

stants known from crystal Iinc materials.

15 ppm and C~ between 1 ancl 10 hlI-lz.

P~ . Thus,

relative to

ranges of chern ical shifts and coupling con-

A106 sites generally have &O between 1 and

Tllis \voL[ld result in 3QMAS peak positions

of-1 to -30 ppm in the isotropic dinlension and -.50 (lo 12 ppm in the K’f44Sdimension.

Values of 6i~0 for .4105 sites [ypically I’all lmLivrcn :30 and 40 ppm, with CQ between

3 and 10 MHz, giving 3Qhl~\S peak IJositions ranging from -1S to -40 ppm in the

isotropic dimension and -30 LO:30 ljpln ii) Lhc !vIAS dimension. Finally, A104 sites

typica.11y have 6,.$,,between .5.5a nd SS pp i~I and c~Q bet~veen 1 and 10 MHz, resulting

in 3Qh4AS peak positions from -:30 to -60 ppm in the isotropic dimension and O to

SO ppm in the MAS climmsion. Nol e Ll)at in Figure d.!l, each of the labeled peaks

falls neatly in the center of the corresponding regions. For the AIO.l peak we also

fitted slices along the L’z dimension, as lvas done for the crystalline phases. Again,

for a disordered nm.Leria.l ITSUILs from Lllis proced IIrc are non- uniciue because each

S]iCe COnta.illS Llll IY.?SOIVd illk}llSi~.~ flWlll $ik IVi[,ll raIl~es ill Chc>lllica.1 s]lift and CQ.

However, this approach do(~s gi vc sol }~rml.i lna Lr of the> range of pa.ra meters present,

about 62 to 7.5 ppll) for ($;.,,,aII(l .1 106.3 ~!]-lz for (’Q.

4.3.6 Goosecl*eekite

Goosecreel;itr is a llal.llml Zm)lil(’ ivllosc! structure is still somc~vhat controversial.

Earlier studies shmw’d Lhat II)crr is olily (Jne let ralledt’al aluminum sil.e in this zeolite.

A recent refinement. of LI](*sLrucLNrc. howrver , sltoivml that two slightly different

aluminum sites exist. The MA!3 speclr~inl of this sample shows however, only one

peak. In this respect. h IQX’1AS lvo~lld I>(?an ideal Lecllnique Lo resolve this structural

]~)
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Figure 4.9: (.!fJIIIOIII”lJICJI.[J~27:\l:lO\l:\S X311i slx~dr[l[l] fo[’~~glass ofconlposition
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problelm.

Figure 4.10a shows the ‘7.41 :3QM/\S spectru]n of goosecreekite taken at 11.7T.

The ID 3QMAS spectrum has only one Gaussian peak (lpplm, I?WHM), which is

narrower than the MA S spect m m (5ppn ], I?WI-TM). The two-cl ilmensional spectrum

has already resolvecl some structures. As one can see, the low frequency side of the

isotropic dimension corresponds to a larger quadrupola.r coupling constant, and thus

a broader MAS dimension. Even though the spectrum can be interpretecl as two

overlapping peaks with slightll’ cliflcrent chemical shifts and qua.clrupolar coupling

constants, the assign ment is not uniq[le.

The 5QMAS spect,riltn in IPigllrc -1.101}.l~otw:w:r, sho~vs clearly that there are two

distinct a.luminunl sites in 1Ilis zeolite. The ohscrved frequency in MAS and 5QMAS

can be described bv

(4.17)

(4.18)

Using the shills in the sillgle-~111~~.ll(,it[lland nlulti plc-cllla.ntum dimensions, isotropic

shifts and quaclrupolar coupling constan{.s for l~oth .si{,cs can he extra.ctecl, using the

strategy developed al<the Iwgi n[Iing of [his chapter. ‘rile results are listecl in Table 4.5.

site J“’””’.>(ppm) (s’(~’’””’s(l)l)ll)) ($:~~’’’”s(l)l)lll)l) (s;.$,,(I)pnl ) P~(h4Hz)
1 55.9 -:13.s l:\7..5 5s.4 2.7
~ .5.5.2 -:]2.$ 141.7 .!j$):) :3.4

Table 4.5: lso[.q)ic rllelllical sl]ill.s and qLiadrLlpolar col]pling products for
goosecreekite.

The use of ([llil~{,{ll)l~~-clll;] lll.1111]colIcrmlce to enhance the resolution of 27A] spec-

tra was well-studied I>y AnlotireiIx in a. series of alllmi 1111111-l>llosl)lla.t,ezeolites [79].

I~~
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However, in all of the samples he st.lldied ancl ollr goosecreekitc sample, the cluacl-

rupolar coup]ing constants are rela.~ivel~’small. ‘1’he question of excitation for large

coupling constants is a. future problem in the utilization of this higher-orcler multiple

quantum coherence.

4*4 w 3QMAS

Before concluc[ing this clla.p(.er. I l~il] illcludr son)e initial results on the application

of 3QMAS to the st.uciy of c)xygen sites in silicate crystals. Oxygen is the most

important element ill lz]riolls Ly[x>sof Illal.eria.ls and has bee]] extensively studied by

MAS and by D.4S [47. S1. . .‘)5. 7.5, 96. 97. 100. 101. 123, 124, 12.5]. Because of its low

resonance frecluency and lmv lla.[.11ra.1a bu Nda.nCC, isot.~pic enrichment is often needed

in most of the stuclies.

Oxygen sites in silicate al]cl allllllill(~silicil.tje mal trials are roLIgh]y classified into

two types: the brictgi ng and Lhc non-bridgi Ilg oxygens. The briclging oxygen con-

nects two framewc)rk aLoIns (si[icmll Or aluminum), whereas L]le non-bridging oxygen

has charge compensa.ti!lg catiol]s (ORCII alkaline or alkaline eartlt cations) as nearest

neighbors. The quad rilpola.r col Ipling colls~ attls for 1II(’ hriclging oxygens range from

4-7 MI-lz, Ivhich are larger tha.11LI1OSCfc)r(he Ilon-hridgillg oxygens (2.5-3 .5MI-lz). This

large differmlce il} q~ladr~llmlar colipling colistant.s illtlllms di(~crellt quaclrupolar shifts

that the hriclging at]d Iloll-l)riflgil].q oxj.grJ]s ili.(’ al. Ioasl I)arl.ial]y separa.t.ecl in a. I)AS

or MQM.4S Spm’lrulll.

Figure 4.11 shmvs I.llc :lQ\l:\S SI)(IC[m or I,lvo ll~inerais Iarllit.e (CazSiO,l) and

forsterite(N1gzSi O.l). ( !orrespol)(li n.g l)AS SIWCIM revealed -1 Pralis for Ia.rnite, and

3 sites for forsterite [75]. ‘1’hc :10 h1:\ S spectra of Ia.rnite gives only two resolved

peaks. The t h me forstm.i (.c peaks arc Iloiwwer , all resolvecl. In both samples, only

non-b riclgin.g oxygrlls cxisl so al I of Lllc sit.cs are rxlwctecl Lo he excitecl. For another
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sample enstatite, where I>ridgillg oxygcx] sites also exist, we w~r{~not a,l)le to excite

the briclging oxygens using a“ rclati vely low power (30-40 kI-lz). I-Iowever, 3QMAS

experiments on briciging ox ygens have been performed in many groups, and their

results suggest that such experiments are feasible ~vhen the enrichment level is high

(20-40%) and when the spin-lattice relaxation time is short (less than 1 second)

[56, 116, 126, 127]. More import,a.ntly, oxygen sites in Si-O-Si ancl Si-O-A1 linkages

are often well-separatccl. 1( is also interesting thal, lvhen 2’[ is sl]ort, 3QMAS actually

gives better S/N than Dr\S. 13ascd oll f.hese pdi minary works, it is cluite promising to

use 3QMAS for the s(.lidy of a. series of lrchnologicaliy import. a.nt. n~at,erials$ including

multi-co mpone]ltoxidc~s. zmlilw and sIIplmItd oxide catalysts.

4.5 Conclusions

hl~llt,il>le-cl~la.l~t~\ll~magic-a.llgle spin ni ilg (hfQM AS) spectra. can provide enhanced

resolution for 27~\I in all[t~lil~osilic~~.[.(’ancl al[lmina.te [nateria.is, both crystalline and

amorphous, a.ithough resoli[tion in the isotropic dimension lma~fstill be lilmitecl by dis-

order ancl other less ~vell understood ]Ilechallisll)s of residual broadening. Additional

information on hiMI1 pa.mmcf.ws may he oljl ai ilahle because the two dimensional

spectra. prcwiclr some separation of’chemical shi ILal)cl quaclrupolar effects, both from

simple peak posi{. iol]dal a al]d fIWIII (i(1illg of \l{\S lwak shapes in slices of Llle spectra.

MQM.4S sigl~al cat] he ol~{aillwl c\.(11~ rIWIII sitw ivi[ 11tltladrulmla.r roupiillg constants

as large as 9Alllz. 1~(1(i{llcllsil,y is s~.sl(’ltl~)lif.tlll~’rwlilccd lvilh increasing C~. We

have clerivecl nelv (Iaf.a lot isof rol)ic cllt’lllical slliff.s for five or six of the eight sites

in crystalline a.nor[jhil.e. \vllich agrw r(wsoIIal)ly t~cll ~vit11I)revious correlation with

structure. In glasses, (Illc sepa m Lio[l lmL\vcYJnpinks for .L\I in clifferent coordination

states is excellent, and provides a I]mv and sensitive test for the presence of A105

ancl A1OGsites ill glasses (Iomina[ml I)y .+lO.l. al(.llol@l absolute clua.ntjification may
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Chapter 5

Correlation Spectroscopy with MQMAS

Up to now, we have only considered the NM R spectra uncler single-spin interac-

tions (chemical shi R ancI/or cluadrupola.r intera.ctions). To interpret NMR spectra of

networks of spins, con l]cctivi{,y alllong di [~mmt spins is t.o be esta.l]lished. I-Ieteronuc-

lear correlation (I-1E’K’O I{) as a Il]mns of nlappi ng out Lhe spin topology, is proved

powerful to correlate tile cllelnical slli fts of di rcct,ljr co[lplecl spins and elucidate the

structure of heLmmmIc-lwII” coupli IIg IIAIVOA;S [5]. H ETCOR in the solid-state has

been limitecl to pairs 01 spin-i nl(clei in t.l]e past, duc (.o the lack of high-resolution

for quachwpolar nuclei. K\~itll thr dcvclopmellt of Dt\S and hfQMAS, we demonstrate

in this chapter that trite high- rrso! (Ition 11171TOR. spectra are ecILla.llyobtainable for

quaclrupolar nuclei.

5.1 Heteronuclear Correlation (HETCOR)

Heteronuclear corn-datiol] slwctroscopy is a. routi tIe metl]od in Iic[uicl-state NMR

and represents only a slwciai cxl)rrilllen[. a[l]ong a serirs of {.[v(l-(litllf?llsiollal correl-

ation methods [.5. S]. ‘1’llc I<f’yof Lllr (’xlwrill)(vll is collcrencc transfer between two

typeS Of COIIP](XI110~.(’l”(JSl)iIIS. Itl ivoal<l~ co IIl)lml sysl PIIIS. coherence transfer between

two spins occurs o[]IJ”i( (Il(vr is a ll(jtl-1~11.l]isl~illg (Iilmla.r- or .I-collplillg between the

spin pair. Since t.lic Iuagllil IIdc of dilmlar and .J-collpiings is inwwscly proportional

to the thircl poiver of [,I1o(Iis(ante lm[.iv(~rn (.I1(J(.ivo sl)ins. only those si>ins that are

in spatial proximi(.y SIIOIV significall(. couplil]gs and induce collmence transfer. As

a result, the a.ppeara.[ lcc or cross- lwaks in 2 D 1-113TC!0R. spectra. serves <asa proof

of spa.tia.l proxilni[!y lx?(iwxJII I lIc colll)lillg part IIcrs. The spectrum is thus a visu-

1:10



aliza.tion of tile topology of LI]Cspill system in a direct and informative way. This

detailed information ahou( Lhe spin systw]l is often essentia] for the determination of

the structure of large molecules [12S] a]]d complicated materials [129].

It is worth describing cross-l>ol~]l.izatioll (( :1)) [I:3, 1:30] here before we go into

any details about I-IETf”~OI{. (.!ross-l)olal.izat.ioll is the Inost widely usecl technique in

the solid-state to ac.hiew 11(-~[c~lotl(lclci]t”collercvlr(~ trallsfm and signal enhancement.

Dipolar co[lpling, tvl)osf’ Illagni[ lld(~oflell VXCCC(lSlllal of the .I-collpling hy an orcler of

magnitude, is tllc h;]sis of { lIe collcwnw 1raIIsfcr process. The sill~plest Cl) scheme,

as shown in Figurr 5. I. slarls 1)~”al)pl~.illg a ~ l)uls(’ along Ll]c rotating frame y-

I

s AcQ(pR

1

-1 \
\\

s:
\\

-1

axis on one ljylj(’ 0( 111(*sl)ills (Ilsllall.v 111(’ III(JI.(’ al JillIdanl sl)il] lyl)[’ L]]at serves as

Illagllf>l,iza.(rioil sollr(”(’ :111(1is (f’rtl)(~(la> I-sl)ill). ‘1’llis I) IIISC g(vI(*ralPs sitlgl(:-(l~liilltlllll

coherence on 1.IIc I-sl)ills. ivllirll is s~llm’(lllelltly Ic)(”li(’(1along t.llr rotatrillg frame .z-

axis by applying a Ioll,q I)llls(’ alo!lg I11(’r-axis. II a long p{Ilsc is also ap])lid to the

S-spins Lhe less alJIIIIda Ill spill l,vlx~ 1lIal I)t)rroivs Illilgllct.izill.ioll from I-spins), ancl

1:11
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the magnitude of the ITF’ field ~u fills (,11(’I

Y,BII=

a I.(.ITIall n-Hahn concl iLion

7SB1S> (5.1)

the precession freciuencies of Llte two types of spins am. equal and the flip-flop terms

in the clipolar Ham i1ton ian are now zero-energy p rocms. This greatly enhances the

energy transfer process Imhvecn t~vo types of spins a.ncl the net result is often that

the rare spin (S-spin ) magnetization is amplified significantly. For instance, When

cross-pola.riza.tion (CP) is appliecl to a 111-‘s{; syst,ern, a. gain of a. factor of 3–4 in

13C pola.riza.t ion can be ach icw:cl. 7“’hesignal to noise (S/N) ratio is often boosted

by more than an order of magnitude, since 11-1has shorter 2’1 than 13C that fast

repetition can be tlsed lviIh (“l). Cllrrenl Iy. cross- l)ol;].riza.t.ioil magic-angle spinning

(CPMAS), whicl] combilws cross- polarizal ion ~vith magic-angle spinning, is the single

most routine experi lnelll perforlllm! in IIIOSLsolid-sla.lc INh’i1? Ia. bora.lories.

Cross-pola.riza.tioll lxILiw~on LIVOqllad I.(Ilmlar nllc.lci or a spi n-; and a. quaclrupoIar

nuclei suffers a. number of di [fic(llties. First, the rotja.ting frame Ha.miltonia.n is clom-

inatecl by the large first-order qllaclrllpolar interaction, ~vhicll is high]y anisotropic

that the cluaclrupolar collpling conslantt depends on the crystalline orientations.

~;;;jj _ (:Q
– T(3 cos2 :3Q – 1 + 71Qsit12 /3Q cos 20(2 ) (5.2)

Here, C~’~ is the ef~ec(.ivc qIIadrIIImla.r coupling collsta.nt amcl (c#, /3Q, -/Q) are the

Euler angles lM\vren t.lle (llladrIiI)olar prillcipa.1 axis fran]e ( P.A$) and the lab frame.

The clifferenccs in LII(>(lita(lrIIpolar (x)lll)lillg conslan{s con]l)lical,e lhe Ha.rtmann-

Hahn mat.chil]g condit iol) for cross-polarizal ion [69. 70]. F’or inslance. when C’~’~<<

WI, the I-IarLi~ltl.lltl-llallil (wn(lilioil is III(’ salllc as I,hal of a spill-j pair.

;, /)1/ = y,</l,.~ [5.3)

However, Ivhen C~{J >> w’1, (.I1P1lartmalln-1 lai]n condition needs to be modified to

include a. consla. nlfactor dcjNwden( on IIlr spill qllant,llnl nllmher of the cluadmpolar

I:]~



nucleus.

1
-// B1/ = (S + j)%J31.$ (5.4)

In a powder sample, it is OK(Wthe case Ihat neither of the above tlvo conditions are

fulfilled a.ncl tl]c cflecti\le (lIIa(lrIIIJOlar collplil)g (.onstant C;” is comparable to the

Rl? strength (w,). ‘~llc sl)ill (Iy]]anlics is far Illorr complicated (see tl)e discussions

in chapter 3 on spill Io(”kiug) Lllai 1]0 single intllitivc forlmulus csist.s for the whole

sample.

Thell~a.tcl)illg collcIi[.ioll iila l(j[.alil~gs~ll~~l~l(`isf~lrl,llerc olnplic;~te(ll) ~~t~vofacts.

First, tlledil>ola.r i[l[.crac(.iolls fll~~[lll[~(litlt.('t.l](~Cl> [,rallsfer are~].v(:rt~gecltoz(;ro over

a rotor period (Lhc ills[~i[ll.;~ll{’oils(Iipolar collpling. instead. still exists and induces

coherence trans~er), re(lucillg LIIC clficit’ll(y of closs-l~cjlaliz;]t,io[l (Cjl>). Seconcl, the

effective c[)[ll~li llg(”ol]sl:llll (or a (l~l:](ll”ll l){)ltll”sl)i[l is no lo IIgcr collsl. al]t aIld fluctuates

perioclically. I\s a resII II. IIIcrc exists 110 Ilni(lllc Il]a[clling col]dition LIIat all of the

spins with dif~crelll. cr}”sl:]llill(’ oricnlaliol]s [ill(ill. ‘1’llis sIIggesls thal CP spectra

involving quadrulmlar IIllclci arc 0(1(’1]ilol (Illanlilalivc. Nei(,rlllclcss, the fact that

only spin pairs tvitll l~oll-t”ill.llislliilg (Ii[mlar colll)liilgs gii”e rise Lo coherence transfer

and Lllereforc cross- p(wl;s ill ~1) ][]~’]’(’ol{ sl)ccII.a is still iwlitl. Tl}is means that

I-IETCO1{ exlx~ril]l(~ll( l)(Jl\v(YJII (11121(III11)OI?II” all(i sl)iil-~ IIllclci lVOUI{lin principle,

provi(les silllil?ll’ ill~ol”lll~lliolloil” lll('sl)it l("(Jlll)lillgl l('llv()l"l;c()[lll)ill" ('(ll()~pllc~correla.tioll

for spin-; pairs.

A simple 1111’1’(’ol{ S(J(IIICIICC is COIISII. IICINI 1)~”illcorl)ora{illg LIIC (Ul] seq Llence

with a sinlj)lc 011(’ I)lllsf’ (Jxl)(’rilll(’111 t)lI S-sl)ills. :\s slIolv II ill Figilrc 5.Z, a ~ puke

applied 10 (.11(’ l-sl)ills I)[”ill<qs III(J l-sl)ill lllagll(’liz;~lioll il]lo tlIc .)”-!/ plane of tllc labor-

atory franle. Tllc Ill:lgll(?liz?llioll (’vol\(’s Ilti(l(’t”Lllc I-sl)in Ilalllillollial) for a variable

time Ll, d[lring \vllicll 111(* l-sl)ill 1“(’S(Jllilll(”(’ fr(’(lllcl~rirs are (JIIco(l(Id illl.o the resu]t-

ant IIlagllel.izillioll. ‘I’l IIx)II~l I (“l”oss-l)ol;ll”izillioll. lllis II}ilgl](>lizill.ioll 01] tile I-spin is

.,,..
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Figure 5.2: Pulse seqllm)ce and collrrmlce pa(.h~vay for a traditional I-lETCOR ex-
periment. h[otic.(:lollilt.ol~ly tclI(scolIFI”eIlcf? ]J?lijll\vzlyoIl 1 spin is shown.

transferred into S-spin Illagll(’1.iztll.ioll. Ivllicll contii~[les to evolve uncler the S-spin

Ha.miltonia.n and is rccordcd Ivi(ll (lll:lcll”il[lli”t,cl(~[.(lc(ic~ll.The LIVOfmquencyc lomains

after t~t’o-(lilllc?llsioll?l.ll“o~lrier l.l”~lllslol”llla.lic)llare IOhc1- al)d S-spin chemical shifts,

with cross-peaks al)pearitlg Imtlvecl] 1II(I rmona.tlccs of clipola.r coupled heteronuc-

Iea.r spins. hfagic-a.llgle spinning is Iwllally applied dllring t.hc’ whole experiment to

enhance the spec( ml msolu( ion in ho( h (Iimmlsions.

5.2 HETCOR with Quadruples

Figure .5.:?is al] exanll~k’ or rcglllar 1ilr{~-c]ii~~c’]]sio}l:~]II I?’I’(.X)I{spectrum between

a spin-~ and a. quadmpolarnllclcus. “1’1](’‘:}Na/31 P l-l11’1’(!011sp(~ctrum is taken on

sodi~lm tri]”]l(’tapllosl)llill (’ ( ~a.:jl>:)()!j ). i~l!icll !~ils P!”(?p?l[“d 1)~ hea.ti[l~ ~d-[zpo.~ at

550° for 3 Ilollrs aild slmvly cuolillg III(.s211111)IP(IoIVI110 Ix)om l(JIII])(:I?ll,lIr(~ [4:3]. X-ray

diffraction (Xll D) sI101vs(ha( (11(~sa]lll)lo is lvell-crys[~~lliz(:cl aIId of ,the correct phase.

MAS NM R.spectra 011

types of 23Na and ‘“1)

‘:]Xa ;III{I‘}11)coll(irlil lIIC concll[sion that. there are two distinct

silos ill II]is c(Jl))l)ollii (I. ‘1’li~[[w) phosphorus peaks, -1S.7 and

I:]-!
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Figure 5.3: A convrllliollal llvo-(lil)l(’[lsi(~ll:ll ‘3Na-31 P 1-1ETCOR spectrum of
Na3P30~ collected at I I .7’1’. r‘1 II(J saI~Il)le is spi]]lling at .51{I-Izand the contact time is
5msec.

-15..5 ppm aJvay froll) a S.5[XIll:~l>O.l slal)dard (0. OIJpnl), arc lIIC gcnerai ancl mirror

sites rcspecl.i iwlj’. ‘1’11(’2:{Na Sl)(’cl1“11111. I) Iu;I(I(’11(’(1 L() al)oIIl 4kIIz by second-order

quadrupolar illl(’l”il(”li(}l].(“;lll I)(’ (lt’(OIIt”olIIl(’(1”i[lto ltv~~(l{i;l(lt”lll)ol?]t l)olv(l(’r patterns,

with isotropic cli(’l]lical slli(ls al -(i.? aII(l-22.1I)IJIII\vi(ll I“VSIK(I 10 solid NaCl at 0.0

pplm.

‘~ll(! (’XiS(.(!llC(’ ()( folll” (“l”OSS-l)(WkS ])(’{\Y(Y’11 ( 11(> l\V(J “;l 1) aII(l 2’l\a resollal)ces sLlg-

:jl]> si[~. is l]{,;,,. [0 l)Ot]l 2“J;X21silts.gwts that each . Sinlilarlj, cacti 2:]Na site is also

near to lmth ‘]11) siles. ‘1’his CIllalilill iwl~ aqr(’es 1.0 I.llc crystal Slrllcture of Na.sPsO~

that al] of the so(lililn aIIcl plIosplIoIIIs Imsil.iolls am int mCOIIIIeCl d (through oxygen

atoms).

I :].j
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Notice that the I-IEW’!OR cxperinlcnt, is performed by transferring coherence from

‘s Na) to the higher gyromagneticthe lower gyromagnetic ratio clund rupolar nllcleus ( .

ratio spin-~ nucleus (31P). This is the reverseci case of most Cl> experiments. For

cross-polarization between spin-; ancl qwdru polar nuc]ei, unless 1H Or 1917is involved

or the qua.clrupola.r nucleus is of very low ahunda.nce, CP from spin-; nucleus to

quaclrupolar nucleus clews not mlhance the signal to noise ratio [42, 70, 131, 132].

Two reasons account for --his anomaly: (1). CP between quadrupolar and spin-~

nuclei is often inefllcifilt; (2), spin-; nuclei oflen’ha.ve long spin-lattice relaxation

times (7’1) which preclude rapid signal averaging. Therefore CP is better used as a

spectral editing met-hod. rather than a sign al-enha.nci ng tech niclue. On the contrary,

like in the current case. CP froln quadrlllmiar spins enhances sensitivity of the spin-~

nucleus. ,--

Due to the complex spill (Iynamics dllring cl”oss-l>ol~~riza.tioll, it is not ea-sy to

retrieve exact clista.l~ce inforina.tion [roll) Llle 1IIYI’CO1{ exprrimcnl.. .41s0, the res-

olution in the cluadrllpola.r dinlcnsiotl is low. The wsol ul.ion problem is less severe

for Na.3P309. \vhere [.hc t \vo so{lilll~l sit.m are scpa. ra[.edI}y [heir chemical shifts. For

more interesl.ing materials \Vit.li cot)ll)lex S(rllclllres at]d overlapping resonances, it is

important to ha.vc Iiqllid-lilw resolllt.ion in tl)e qlladrllpola.r dimension. As shown in

the next section, Iligll-r(’sf)llllioll is acl]ie\2]ble for (llladrupoles in both climensions of

a HETCOR spec{ ruin. ~vllen ]1.4s or JIQYl~\.S is al)plied t.o LIIC’regular HETCOR

experiment.

5.3

True

Higl~-Resolution HETCOR

high-resollttioll corwlal ion Iwlivem (11121.flrLll>olil.l.and spin-~ nuclei can be

achievecl by corrcla.t.illg [he (lyll~~.l~lic-:~.ilgl(’spinning ( I)AS) or 11~111[.il~l~cllla.n(,lllnmagic-

ang]e spinning (k~oh!f\S) sIw(.I rlli)l of a (IIIZI(II”IIIJ(JI?II.IIUCIC’IISwi[l] L]le magic-amg]e

1:16



spinning (h4}\S) spec LrulIlof (Ile ]]twrl~}’spill-~ tl~tclells. I.ike DAS and h4QMAS,

both approaches rcconsLruct the isotropic q[ladrupolar dimension by breaking up the

tl evolution time into tlvo parts. The anisotropic resonance frequency of each spin is

renclered to have opposite signs during t.lle LiVOseparated t 1 time periods of the evol-

ution. when the ratio bcliveell LIIe LIVO1imes arc ~dklected, anisotropies arising

from CSA and Lh(?s(~(.otl(l-()[”(l(~t.(Illadrlllx)la.r illlcracl.ion are renloved and an echo is

formed a.1 Llle ell(l of II cvolll lion.

In Figure .5.4, iw~compar(’ ( lIC cxlx>rin~(’111.alsrhclncs and coherence pathways of

DAS/H13TCOl{ atl(l hlQ\lI\S/111~’1’(’01{. Por 11.-\S/n E’l’(~Ol{. a D}\S experiment is

performed (irsl o!) ~:JNa before 1lte smli{ll]l tnagnc( izal ion is Lransfcrred to 31P through

cross-polariz;l.lti oil. ‘[’he exlwrilncnl l)rolmsrd I)Y.Iarl”i et al. chose Lhe (79. 19°,:37.380)

angle pair wil]l k = I. ‘1’l)csal)]ljlc slaj”s al 79.19° atl(l 37.:1S0 [or ail equal amount of

time (+), which cr(’ales a D.AS ecl)o al 1II(*ctl(l of [he (l periml clue to the refocusing

of the second-order (lIIa(lrIIlmlar illl.eraclrio]l. (.~l(>ss-l>ol;ll.iztlt,ion” is Lllen performed at

0° to Ima.ximizc IIlc (!l) c((icictlcy. ‘1’llis rcsllll,s ill a second rotor axis reorientation

that brings lhe sl>illll(’r axis 10 Lllc (Iirerlioll of 1lle slal ic fi(’1(1. AfLcr CP, another

reorientation {Jf [II(> rotor axis is IIix’(l(d 10 allm~ (Iala d(”([IllSi~.l(Jll al, tlICI IIlagic-ang]e.

Including 1,11P(itlal II(JI) (illl”illg 1“(’(”)”(”1(’ .(1(’l;Ii” 111:11l)rill~s 111(’sl)i[l[lcr axis hack to

79.19°, 21101/1101 i 1101)> ill”(’ r(k(lllirtvl [or (71(11 single scail 1Ital f alws shout 120-

1.50nlsec . 11(~1)1.(’sf’[~l;l(it”(’ slwcl rIIIll 0[ l):\S/111~’1’(’ol{ CaII IJ(’ fOll]ld ill Lhe paper by

.Jarvie and K!ue!lor [!:)]. Sol iw [ llal a slalir-coi! lloljl~i]lg ])IXJIM’is a priori for this

type of exljerill](’111. sill(.(’ l)lll~ill:; al 00 i> 11(’(’(1(’(i.

The nllllllwr 0[ Ilol)s ill I):\ S/l I1;”1’(’01{ rail IJ(’ (Ircrmsf’(1 10 :) 1~~’ cl]oosing Llle

k = ,5 DAS allglc pair. ‘1’l]is Ilolv(’i”(’r.slill r(’(lllir(’s a Ilo])pillfg l)!\S l)rolx:. The

h4Qh4/f S/1111’l’(!ol{ (~xl)(>rill~(tll[.\vlli(.11do(-s 1101 i[lvolI’e 1“(’ori(’lltzlt,iollof spinner axis,

relieves the 1“(’(lllil.f’lll(tlll()[ a S(al it-coil Ilol)pillg 13.-\.Sprol>e. IL starts by excit-

--7-7-: -. ... . .. .
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ing the Ll”il>l{s-clllalllllll) COIIIV”(!IICC011 2:~Na. :\s dcscrikd ill earlier cl)apters, the

excitation is most ef(iciml(,ly performed by apl)lying a. single strong RF pulse near

to the sodium resona.llce frequency. The [ril]lc’-clllti.ll(llllll coherence is then allowed

to evolve for ~ and tl)cn another strong ptl]se (reconversion pulse) transfers the

triple-cluantjum coherence 1.0sillgle-clllalll,lllll coherence, ivhich evolves for R before

cross-polarization is done aL 1,11(>magic-angle. ‘I’l)~~s~ll)se(l~lelltclctcctioll periocl is the

same as in D~\S/lll?l’( :01{.

The 96-st,ep ljl]ase {“y(”l(,Ior \loLlf\S/llll’I’t’o li” is given ill ‘Pable 5.1. Mirror

image coherence lIaIIsfer lMllI\va.vs 211X’r(’laill(’(1 (Iuritlg LIIr l,\\KJ s(’l)a rated 11 period,

leading to li~’o-(lill~(’[lsif)ll;~l1)111”(’-al~s(~l”l>liol]Iillcsllalx’s. ‘1’h(II)l)as(l cycle has incor-

porated C,YCI.O1)S all(l sl)ill-l cl)]l)(’l”il llll”(’ alterllal,ioll Lo N21110vepossible artifacts

due to imperfectiol)s of l]ar(llw~rc set til]g. :\ s(:l~~}r;~le{la(as(~t.t lla(,sllifi.st llel)haseof

~~by90° isncedml Loallmv for 1)111(-iil)sorl)lioll spcclra.

0° 60° 120° I SO* ‘2400 ‘ 300°
0° 0° 0° 00 0° 00 !)()0 !)OO (JOO 90° (JOO 90°
lsOO lsOO lsOO lsOO lsOO lsOO 270° 270° 270° 270” 270° 270°
0°
0° 0° 00 00 00 00 00 00 00 ()” 0° 0°
0° 00 00 00 00 00 0° 00 00” 0° 0° 0°

90° 90° !)OO !)OO !)OO !)OO !)OO !)OO !)OO !)()0 90° g(y

90° 90° 900 !)OO !)OO $)00 !)OO !)OO 90° 90° 90° gp

lsOO lsOO lsOO lsOO lsOO lsOO lsOO lsOO lsOO lsOO lsOO lsOO
lsOO lsOO lsOO lsOO lsOO lsOO 1$0° ISo” lsOO tso” lsOO lsOO
~~()” ~~oo 2700 2700 ~;oc ~;oo Z;()* ~)(p ~y(JO ~~oo ~ioo y~oo
~~oo ~;oo ~~(j” ~ioo ~;oo ~ioo ~;oo ~;oo ~7(J” ~~()” ~~()” ~70”

0° lsOO 00 Is(lo 00 Iw lsOO 00 lsOO 00 lsOO 0°
(J-Jo ~700 !)OO ~io~ !)OO ~;()~ ~;oo !)OO ~yo” !)()0 ~;(y (JOO

lsOO 0° lsOO 00 lsOO 0° 0° lsOO 00 lsOO 0° 1so”
~’j’()” 90° ~700 w“ ~~oo 90° !)00 ~;oo 900 z700 (j(y ~70°

I:)9
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The ut, ili[,y01’Lhc AIQ\l:\S/1 IE’1’(.;oll exljt~rinlcwL is ~vcll-d(:lllollst,r~~.ted in Fig-

ure 5.5 on Na3P309. llxl>el’illlcll[{il.lconditions are chosen to closely mimick the reg-

ular HETCOR. ex~>eriment ( Figllre .5.:3). F’or example, the sample is spun at 5kHz in

both cases, a.ncl the con!ac(. time is sc~ to 5msec in both experiments. As expected,

the 23Na dimension contains l,NWisotropic peaks (3ppm, FWHM ) a.t -.5.0 and -24 ppm.

These numbers are cliKcrenL from those observed in DA S/ I-lETCOR clue to the cliffer-

ent fielcl strengths a.lld scaling factors. Again, ft)tlrclisti]~ct cross-l>eal{s a.reobservecl,

confirming the conclusion of a. rlllly coupled ‘3Na/3* P spin network. Analogous to

the fact that DAS/11v“I’(-01{iIaS nlall]~ ?ICIVZIIILWYScww ~.4f3, MQMAS/H~T~OR

has simila.r a.clva.ntages over D~\S/lTE’I’(!O R. For example, the most important one

is that technically, hlQhlf\S/1 I1;1’(!OR is mllcl] silnplcr Imcause (1~’lla.lllic-a.llglespin-

ning probe is [)01. a I)rrrmlllisile. ‘1’0 I)c’l”fol”ltl (-’1’ al OO. a sllalic-coi I D.4tS probe

is recluired. which is no[ avail al)le cllrren( Iy [mm mosL (Nlvl1{ probe venclers. As a

comparison, our hIQ\,l~\s/ll ~Yl’(!OIt {~xlmriment ~vas done on a. cloubly-tuned MAS

probe, which is a.vailahlr in mosl moclern solid-s[,a.[,e N M R labs.

The technical si m plifica[.ion of MQN1AS also gives another ,advantage that makes

MQMAS/HET(!oll a ptrfertwl [ccllt]iq{lr to st Italy a \virlet. rang(’ dzmlil. ic ancl glassy

materials thal colllcaia Illlrloi [Viih snort spill-lattice rrlaxalion Limes (for instance,

27A1a.llClllB). +\S at) C’Xilllll)k’.{!ll]nrika el. al . sllc)\\’(’dI llal I“c!gularII-[/z7A41I-IETCOR

experiment is able (0 fliscrilllin?ile aci(lic silts ill zeolile cal.alysls. Incorporating

MQMAS to this rxpcrill]c]lt is Ilat.(lral at]d \wJIIl(l cIIhancc LIIO 27~\l dimension res-

olution by an order of [Ildgtlil IIIIC. ,\IIol 11(’r cx:IIIIl)lc SIIOIVII l))” :\ IIlou Ix:ux recently

demonstrates 1Ilal \ioJl:\S C;III lK’ Collll)ill(’(] \vil II (’l’ for sl)(’cl.ral diling [1.5]. In

his slLIc[y, i.l]c co[lllf’cli~”il~”al]]ollg [ Ilc {lill~’r(illl ‘~’l;a.lld ‘7;\l silos arc slucliecl in alu-

minum phosphate moliles. llo\l+\S/l-l 1?’”1’[!01<in this case may leacl to a direct

mapping of the colltlccl i\”ilj” l[JIK)logj”. IIOI”C illllmrtallily. \lo\l:\ S/I-ll?TCOR. with

II(I
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27A1/2%li spin pair can potentially be [WCC]Lo sLLiciya whole spectrum of minerals

and zeolites. In all of tllesc cases, 11.AS/11ETCOR tvollld fail due to short T1 for 27A1.

Another potential advantage of h4QMAS/HETCOR. experiment for spin-~ is that

the resolution in the qllaclrupolar dimension [nay he better tha.1] that observed in

the DAS/HETCOR. experiment for t~vo reasons: (l), the DAS linewiclth for 23Na

is cleterminecl by homonuclea.r di polar intera.ctrion, which is not averaged out effi-

ciently in DAS ancl ofLcII gives la.qy line~vidth than MQMAS. For example, the

23Na line~viclth in ll}\S/HET(~Oll is about SOOHZ (FWI-IM), whereas that in the

MQMAS/H13TCOll spectrum is only 4001-Iz. (2). the scaling factors of the chemical

and clua.clrupolar shifts in h IQhl ~\S is Ia.rgm than 1 (or smaller than c-1). This better

resolution is crucial, for exan~plo, in di Kcrentiati ng sodium sits in sodium phosphate

and silicate glask [1:33].

The clisadva.ntage or hl Qil AS/11 ET{!O R is again associated with the inefficiency

of excitation and reconversion I)ulscs. COIIIIMIWIwith tlm D~\S/lIETCOR spectrum

(which is not qllantita[,ivr dill]cr). fhe intr,]sit.y of lhr Imv freqllcncy 2sNa. site is much

lower than the site popula.liol] (:XIXX1cd ~t”oln~ RD. l?ven though simulations show

that low frequency sitr lvil.11largm q[{adrupolar coil pling constant has one-quarter

of intensity of the other site due to di[rw!llt excil.ation and reconversion efflcicncies,

it is not clear how nlllcli 01’1hc .discrcpallt.y can be at 1ril)ulcd to t.llis e~fectl. Cross-

pola.rization. as discussed rarlier. ini rodilccs rxl ra prol>len]s (hal are hard to qllantify.

Because of this, hlQll~\S/111{’1’(’ol{ all(l l);\S/11 1~’1’(’ol{ ~’slwrilnenls shoulcl both

be considered as qllalil al ive. ralltcr Illall (Illall(ilaliw’.

It is worth nol illg I.llal dif~cretll 11111II iplc-(llla.nl lim excilca.llion and reconversion

schemes can be conlbill(:cl Jvitll 11WI’(:01{ to Imttm quanti~y tile h’IQh4AS/HETCOR

spectra.. While this partial ly solves t.hc (Illant,i fication problmn, it is very likely that

the problem Ivill still exist. Even ( lIOIIglI there is a scheme Lha.t claims cluamtitat-



ive h4Qh’1AS excifatioll a[t(l lf~(”(~lll.(’isioll[6:1]. lllc validity of it is sli]l limited to

high excitation po\wN :11](Isll]all varialiol]s ill II)(Jquadrupolar coupling constants for

different sites.

5.4 Conclusion

In sumimary, higll-rmol utio!l 1I l;r~{~ol{ speclra involving quadrupohtr nuclei can

be obtained by correla[ illg ll:\S or h! Ql(l.AS spcr{ rllm of the qlladrupolar nucleus with

the h4AS spectrllm 01 f Ilc sl)ill-~. ‘1’1](’tivo rcsIIILanL techniques am colnplmnentary

to each other that provi(le (Illalil al. ivcCllill”a(”l.[’l’iz?llion of 1.!IPspin co[lpling nelworks.

These teclllli(lll(:sii’otll(l l)avc~lim”[. application LOsodium l)l)ospllat(: glasses, where

the c!laracl(;riz~]lioll o(sitc dislril)i]tioll and coll[lw-tivity ncttvork ismsmtia] to the

understall(li[)g 0[ Ic)cal (Jrflorillg ill aIIloI”lJIIoils Illal.erials. \\’iL]) Lhe new reso}uLion

ancl spectra] editi[lg [“al)al)iii[i(s. (1(’1ail(d illsl)(’(”l,ioll ()[ loca] l]]icrostruc Lurein various

classes of technologically iinporl. al]l.Ill;]lcrials is I)ossible.



Chapter 6

Switching-Angle Spinning of Quadruples

One of the major goals in the other cha.piers of this thesis is to determine the

isotropic chemical shift (J~,O) a.ncl the cluaclrupolar coupling parameters (CQ and q~ ).

The anisotropic chemical slli [1,interaction that a quadrtlpolar nucleus also experiences

is only briefly cliscussccl. ‘rhe chemical shift. anisol.ropy, hoivever, like the cluadrupolar

interaction, contains valuahlc in fornla.tion a.bout the local geometry arouncl the nuc-

leus a.ncl is the ma:jor Sl,nlcljural ljrolm for spin-; nuclei. 1%is chapter is concerned

primarily ~vith lhe extraction or Lllc (Nil chemical shift parameters a.ncl the relative

orientation bd~veen Lhc ~:~:\ Lmsor and Lhc qIIad I-IIpOIC lensor.

6.1 Overview

Stucly of coexistent inlrraction LcIIsors I>JJNMR can be dat,ecl back to the early

sixties [1:34, 1:3.5].‘1’llere aro at Ims(. L\ro l)l~ljor reasons lht]t such a. stucly is crucial.

First, the NMR specLra can tlol. he \vel l-lindrrstood or reproclllceci hy theoretical

calculations if only onp of t II(’ ill~eracl iol]s is assllnled 10 he dominating; second, in

the case of coexisting dilmla.r atld chemical shill tc]lsors, [ Ile di polar tensor is often

coaxial Ivith the iill.el.lllol(:(.[ll;ll”wx. tor.Ii nmvi tlg Llle miative orientation between the

chemical shift. and L!](’dilmlar l.cnsors allmvs a (Iirecl mapping of lhe chemical shift

tensor to the molecllla.r franlc [I:][i]. Ii] 1Iic case of coexisting chemical shift and

quadrupolar tensors. Illal)l)ing 1hr (llla(lri[polar leIIsor franle onto the chemical shift

tensor frame may lead Lo a. hctt(’r I)ict u re Of Lllc rclationslli p Imtfvecn the cluadrupolar

interaction a[lcl Lllc Illolm.iilar SIrilcl

The most acrIIrai(I 1])(’LI)o(Ifor I

I I.(’.

)e SIll(ly or cocxisl. ing cllcmical shift a.ncl quad-

111



rupola.r tensors is lhc sillglc-cr.vsi al I)](’(II(N1[I:]’i]. Ily carefully reorienting the single

crystal sample in tl)e stal.ic magnetic field, 1I-)(’chal)ge of the NM II peaks is recorded

and analyzed. Good agrcwnmlt het~vecm experimental data and fittings can often be

achieved. The method, ~vllilc lining accllrate, is tedious and sometimes impossible

since the growth of L]](Isingle-crystal may he llonljrivial.

Simulating Ll)c slat. ic N\l R slwcl.ra is allo( her al)proacll (hat iva.s itscd by Bray

et al. in 1969 [1:31] at]d l)j~ C!llcng et al. in 1990 [S.5] for tl]e stucly of ‘IV and

87R13, respecti t’cly. ‘1’lle sinllllatio[l illi”olves a.LIcast S parameters, and multiple-field

or mLlltil>lc-llLlcl(};lt.(>xp[>ril~lcnts are often rcqllircd: thus, tlIe Lechniq(le is not very

powerful, cspeciall~. ii) C;IS(’S\vIIct”c tl](lll il)le si( es exislt in the sample. For example,

the result obtail]c(l 1)s ( ‘Iictlg CLal. otl I{I)CIO.I (one Ilk site) is consistent with the

DAS and M(lhfl ~\S resIIl [s: Ilolvew’r. lllcir r(sIIlls 011 lllJZSO.l an(l l{l>2(~r0,1 (multiple

sites) are much less accllralc al)(l arc illc(JllsislcliL \vil 1) Lhe dala ~tw[l] IIigh-resolution

techniques [W].

Simulating lIIC hl:\S spectra [1:3S. 1:39] has t.l)e similar prohlm-n as simulating the

static spectra. ‘1’h(ia[ll”;llllagc is, llolv(>\’f’r,I.lla( sOI])CsII)all intjcracliolls (for instance,

clipolar c.oupli]lg) tlla)” lx’ ai-(’rag(’(l 01111)~”\l:\S all(l (10 IloL:i~frc[ III(’Nil]]{ Iinesl)a.pe.

This may be a disa~lvall[ age as \Y(~ll.since cllvlllical sllif( illleractiol} is also averaged

and its dfcct OII l.11(’SIX’(”Ira is otlly reli(’cle(l l))’ 1I)c sidehalld illlclwil.y.

The ahmv LiVO[cclllli(lll(+i, Jvllilc l)(~ill~less accll rate. are q~ii(csilllplr and straight-

forlvard. :\tIoLIIeI”illlcr(’slill~ al)l)roacll is 10 sillllilat(’ 1II(’lrllolc \l.-\S sl)ectra, inducti-

ng the safcllilr lrallsilioll~ [1‘lo. I 11]. “1’llis I}”I)(J or sl)(~ctra ofl(’11 I)i]s (~llo{lgh in-

formation 10 (“OIIS1rail! 1]1(’ sillllllill ion. i![i(l (i(’1(’l”lllill:llioll (Jf 1“(’t”j”slllall cllenlical shift

anisotropirs llaS 1)( ’(’11 I’(’INJI”I(vI. ‘1’II(J(’xl)(rilll(’111 [llaj, Itolv(n’(’r. IJ(I (Ii(liclllt and re-

cluires lf!ell-c~llil~l”~ll.(’(1lIaIxl\vaI”c. Sillcc LIICSIXIC1m n]il)’ cover UI)to a. 1ill Ilz frequency

range, a. single (Jxjwrilll(vl( (toes t]o[ slll(ic(’ 10 cscit(’ III(TlVIIOIPspcct,ra] range. In this

11.1
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case, multiple slxwt.ra. arc rccordecl with diwcrent carrier frccluencies. The resultant

spectra have to he scaled and comhi necl ca mfu Ily to .give the final spectrum.

The major problem Ivith t.hc previous simulation methocl is that the spectra are

not sensitive enough to small or intcrmmliale chemical shift interaction. A natural

extension is then to exploit a sc’concl climension. This iclea. has been applied to the

coexisting di~~ol?l.l”a.[lclchwllicalsllifl. Lcwsors, ~vtlere a.separated local field (S LI?) NMR

techniclue maps out both illtmactions a.n(l their rcla.(,it~eorienta.tiol~ to each other in

two separate freqliency clomai ns [S]. I ~vou[d Iike LOdemonstrate in this chapter that

it is eclual]y possible Lo exl.rac( quadrillmiar ancl chwnical shih tensor orientation

through a t~~’o-(lilll(~llsioll~~lstt!ilcllillg-?~llglf’ sl)illning (S;\S) cxlwrimenl.

6.2 Theory

6.2.1 Coexisting Tensors

In this sectiou. only LI1(Icm~xistcncc or ciiemiral shift and quadrupolar tensors is

consiclerecl, even l.llougll Lllc I)asic [lleory is applicable Lo ol.hcr coexisting tensors.

As cliscussecl in chapter (.ivo. ( llt~ qlladr(lpolar and chemical shill interactions are

cha.ra.cterizecl hy LIVOa.1)(1Lllror 1)/1.r~I.IIIc!l.f’I’srespectively. These parameters are CQ

and q~ for cluadr[llmlar illlcrat”l.ioll a.lld J;,,(,.Jc,$ and ))c~ for CSA. Tll(:selo~~ra.nleters

are defined in LIIC])rillcilml axis ft.attic (l):\S) 0((-wcI1 inl. eractioil a]]d l.l}e two frames

are related b W(”!l 0111(’1”illroll~ll :] :( ’11(’1”211 I’(Jfil(i(Jll (];’i~lll”(} 6.]). \\;(’ \Vll] FMllme

that the three l~[[lct”attgl(>s lJcl~v(s(’tlI.ltc [!w) [rattt(’s at”(Io, \ and VI.

Ca.lculaling Ll]c pmvdcr ~\ll{ spectra lltldrt. sl)itllling condilion involves an en-

selnl>lea.I~erilgeoI’6~r all I.11(’crys(allil(w. \\’c can slx~cify each crystal liteby giving the

three 1311er anglm (oQ..JC2. -IQ) IWIJWWIlIIC qlladrlll)olar PAS and the rot,or frame.

Thefreclllellc~~sllil{. ~or [.llis(”rys[.i~lli(.(~llils con(ril>lltions from [.ll(~cll(:ll~icalsllift in-



t
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Figure 6.1: A schematic lcl~l.csclll;~f.ioll O( the quadrupola.r and chemical shift prin-
ciple axis systems (PAS ) ivith a relat. ivcorientation characterizeci by the Euler angles
~,~ and +.

teraction a.l)d Lhc qIIadrttlmlar illleractio]l.

(6.1)

Eqn 2.60 and Eq n 2.66 cat] lx’ used Lo calculate LIIe rcleva.]lt Lerlns in the above

ecjua.tion. For the clIl?l~lIIIl)(J1211”sllifl. t II(’ (lIladrill)olar lensor is ~irst transformed into

the rotor

we did in

however,

franle, all(l Lllell Lo LIICIalmralory fraiilc. Tl)is is exactly the same as what

chal)lrr 2 ancl III(, (illal r(stlll is I;(lII ~.?;. [;or 1.IIc che]nica] shifl interaction,

al) extra rolal ion (rol]l its I’:\o$ 10 1Ilr qlla(lrilpolar P~\S is ndcd.

(6.2)

(6.3)

,. .-,



Exact expansion of this cquat.ion is [.cdious and complicatecl, but the final chemical

shift would have the following format.

(6.4)

6.2.2 Switclling-A@e Spinning

The experimental scheme of s[~~it.cllillg-a.llglcspinning (SAS) [142, 143] is shown

in Figure 6.2, together wit]] the pL~lsesapplied. The experiment is in fact, similar to

a DAS experiment for cluaclr~lpoles (Fig~~re :3.7). The clifference is, however, that the

two angles (01, flz) are nol. onc of (.1)(-ID:\S angle pairs. Most often, the experiment

is used to correlate the isotropic and anisotropic chemical shi k spectra. of a spin-~

nucleus. For this reason. one of the sl)i nni ng angles is chosen to be the magic-angle

to give high-resol~ition in onc dimension. III 01.Ir expcri menc, we also keep the magic-

angle as one of the angles . since M}\S IIarrows tile qua.drupola.r Iinesha.pe by an order

of ma.gnitucle. Different from tile spin-half case, both climensions of an SAS spectrum

of a qua.drupola.r nuclwls do NO(.have Iligl)-resol llf.ioll.

This tI~’o-clill~c~llsioll/~.lS.4S expmi nlcn[, call Iw viewed as mapping the resonance

frequencies of a. po\vder sample ol}to a [.~vo-climensional frequency plane, whereas a ID

experiment maps (.hose frequencies onto a ol}c-clinlensiona.1 axis. Since the sample is

spinning at two di mr(>llt, atvglc’s(I[lri IIg ( he LIVO I i IIIe Iwriods, the resonance frecluencies

in the t~vo dimensions for a sillglc crysl allilc are diKc’l”Oilt.‘1’IIc(If’()-(lillle[lsiona.l map

then reflects the corre[a( ion lx’{ivccll t lIcse freqllmlcics. A [ore speci (ically, the intensity

of the resulting S.4S slwcl rlllll is I)rolx)rl ional (o Lhc prolm.bili(.y Lha.t a nuclear spin

having ATh4Rfrcqlmtt~.: ~’1 at 01 att(l &Tzat OZ.

For a. po~vder sa.nlplc. tllr N \l R rr(~(ltlcncy as a. function of orientation is not single

valuec]. I-Ience, for o]]r-(li]]l(’l]siolla.l spwt,ra there is overlap of signals corresponding

to crystallite Jvil.11diflcrc[ll. ori(’111at ions. \\’lwn IIw Nil R rl.(:(lll(:llcics are sampled

IIS
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Figure 6.2: A schematic l.cl>t.~sollt,~~t,iollof LIICs~vitching-a.ngle spinning (SAS) ex-
periment. As the sample is spilliling almIIt 01 rclalive to the nlagnetic field, a 90°
Rl?-pu]se is applied. The magnetization evolves in the plane transverse to the mag-
netic field for a time II IIlitil at]other l{l~-pulse stores the magnetization along the
field axis. The spinning axis is l<hel) changed Lo 02. A final l?F-pulse places the
magnetization I>ack inl.o tlIc Lrallsversf’ plan~ ivhece it is detected. The
is repea.tecl with I I illct.(>111(’tl(.f’tlI>ya dtvell Lilne.

experiment

for two times in an S.L\S (Jspcrilll(’llt. itlldcr di[h?rcnt spinni[]g colldilions,

contributions of chelnicai sllifl al](l (lll;i(it”(ll~olt~l”interaction are diflerenl

the relative

for the two

dimensions. The resulting SIXX”Im l.l]its lialx’ less ol”(’rlal~l)illg al]d betlcr rdecl the

relative orientation I)(’[lv(vn the l~vo letlsors.

The tJvo-tlilll(’llsioli;ll” S:\S >IM’(1r;I (’:111I)(’ sillllllal(’(1 by

integration ol’rr all cryslallilm.

lr E

l((d,, f+) =
//

~\(&I1.0, (f\Q. .#~))(\(A~,.01 I(YQ.j~Q),
0 [J

Here, fll al~d !ilZare III(I res(jIiaIl(”i~(r(’(111(’llriesill lfl(jIi6.1, at)(l l)irac &~ullcLioll is used.

To see how tile S<~S SIX’CIra d(’lNItl(loil 1I}(’(lIi~IcII”(Iljoli]I.lmrallleters, Ipigure 6.:] shows

the calculated sprc( m Ivil h difl’crc[ll. spinning angles ancl quadrupolar asymmetric

parameters (?IQ). For the si lnlllal.ioll. 02 has Imw set [0 the magic-angle, and only

01 is varic(l. ‘1’llc’Sl)(’(”1I“il Silgg(’>1 llIiIl S:\S l(iclllli(lll(’ is l“(’r}rsellsiti i’e Lo //Q and

I [!)
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produces well-clefinecl (Pivo-clilllellsional linmhapes.

6.3 Experiment

All samples usecl in the experiment wem obtained from commercial sources, typ-

ically with a stated purity of 9!3.SC70.The 23Na and ‘~Rb NMR spectra were acquired

at 4.2T (23iYa, 49.1 MHz; ‘iRh 60.S MHz), 9.47’ (231Na,105.9 MT-lz;87R.b 130.9 MHz)

or 11.7T (23NTa.,1:32.:3MHz: ‘iR b 163.6 Nlllz). {vith a Naiorac Quest, Brulier AM-400

or a Chernagnetics CNIX-.50O sl>(:ct.1.ol]lt:te].,respectively. A honle-built NMR probe

based on the clesign of llas{,man et al. [72], ca.pa.ble of fast reorientation of the spin-

ning axis, and employing a Doty Scientific (Columbia, SC) .5 mlm,fast MAS sta.tm

was used [7:3];except, for the 23Na. NM R spectra. acc]uired a.t 4 .2T, using a static-coil

DAS probe basecl on the design of N[ue.ller CLal. [23]. A WhMIco (Ann Arbor, MI)

high torque stepping motor a.n(l mcItoI” controller were usecl to reorient the rotor axis

in typically 40nw. The spinning axis iva.s initially set to 54.~4° using the 81Br NMR

signal of KBr. The pulse srq([m]ce ~vc~used are similar t,o the I)AS sequence and same

phase cycle was used. To ensure selective excitation of the central transition, 90° RF

pulses were typically ioIlgcr (ban 1OIIS. {Icncrally, 12S and 512 points were accluirecl

in tl a.ncl tz, respectively. ivitll :32 sm.Ils pcr I I Wdlle. Ho~vever, the experimental

parameters clependd fynl Iy 011 samIJlr and fiel(l S1rmlgtjh. IIuring processing, the

tl dimension was zrro filled to 256 Imill{s and 100IIz C{a.lissia.11line-broadening was

appliecl in both dinlcvlsiolls. IIilu{c aqtlrolis solll(ions of RIJN():I a.n(l NaCl were used

as external Sllanda rds. (:lllilw ll~\S or hlQ\l}\S. no shear tra.llsforma.tion is needed

in this case. The sinl~lla(.iolls IV(-U”OIwrformed on a Silicon Graphics (Mountain View,

CA) R4000 ~vorlwta.tioll using a progra])] written in FORTRAN. A Lwo-dilmensional

spectrum with 12S poi n[s in 1x)11]di mcllsions takes approximately three seconds to

calcu] ate.

I50
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Figure 6.3: Sim[llal.ecl lt~’()-{lilll(’tlsi()]l:~lS:\S spectra, considering only the cluadru-
polar inters.ctioll. as a. fllncl.ion or 01 and 1II(’ qlladrllpolar asymmetry parameter, qo.
0~ is 54.74°. ‘~lle llorizolllal dilllcllsion is 1II(’ 31:~S dinleilsioll.
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6.4 Results

As a test of the technique a ncl the simulation program, a saxnple was chosen that

had been studied previously and contains one crystallogra.phica.lly distinct sodium site

that has negligible chemical shift anisotropy [41]. In Figure 6.4, the experimental and

simulated 23Na SAS NIv1R spectra. of NazSO.1 acciuirecl with 01 ancl 02 equal to 80° and

54.74°, respectively, are shown. The magic-angle was chosen to minimize the CSA

o

-1oo ~

-200 {

-300 := I
I I I I I I I I

k
o -50 -loo -150 0 -50 -loo -150 -200

Frequency (ppm from NaC] (aq.))

Figure 6.4: ( :t ) Experimental a.ncl (B) simulated Lwo-clirnensional 23Na SAS NMR
spectra of NaJO.1 accluired at 4.2T Ivith 01 = SOO,Oz = 54.74°. The simulated
spectrum corresponds to C!Q = 2.6h(IHz, q? = 0.6, a.ncl fii~O= 4ppnl. No chemical
shift a.nisotropy ~vas incllldml in [ho simlllatlon. ‘1’he Ilorizont.al dimension is the MAS
dimension.

effect in this climcnsion: Lhc ollher angle Ivas chosen to he Ilear Lo 90° to minilmize

the sicleba.ncl intxwsi toy. ‘1’IIcJsinlula.ted specl.nlln yields ~~Q = 2.6 MI-Iz, q~ = 0.6,

and 8i~0 = 4pptT~. consist.mt \vit.1] previollsly reported values. The projection of

the W2 dimension corresl)onds to an hl~lS s!wctrum ancl is consistent with an MAS

spectrum accl{lired separa( cly. as ~vcll as ~vith a silmula,tion of the one-dimensional

1~y



spectrum ca.lculat,cd using t he sanle IMranlrters as above. For simple systems, the

quadrupola.r parameters am ol]tainable IIsing the S.AS technique, with an accuracy

equal to or greater than that obtained from olle-cliln(lnsiolla.l magic-angle spinning

spectra.

Many t~vo-clilneilsiolla.l spectra iverc calcula(cd to determine the eff’ects of a small

anisotropic chemical shirt (&.5) on SAS spectra. For l=: and a moderate C~ (3MH2)

at a resonance frequency or100hlI-lz,a Jc.s or 10ss than 10pplm is difficult to detect.

However, a &.s of 15ppm call ca.~lsediscernible changes in tile spectral features. The

effect of the chemical shirt. anisot ropy otl 1he Llvo-clilll(>llsional lineshape depends on

the relative orientation or llle LWOl)rillciplc axis syslems and is Inore significant when

the two principle axis systems are not coincidcnl, especially when Vzz and ~zz are

not parallel.

Shown in Figure 6..5 is a ‘;lll) S~\S Nhl R SIWCtIIIIIl d 111)2S0., acquired at 9.4T;

also shown selmriitely arc Ll]c slwcl.ra ortII(’i[ldi\”idllal sitm atl{i the corresponding

simulations. Rb2S0.1 has two r~ll)i(lillm sites that are resold ivith 01 equal to 90°.

The spectrum is Ilowcvrr. 1)01 resold al 1-1)(>nlagic-angle. Thus the correlation

of spectra. al Lwo ;]t]glcs Ijy S~lS COLII(I!cad Lo Llle (l[:(,[~rll-lilli~t.ionof quadmpolar

parameters ror boll] si 1w.

In a separated h[AS SIXIC(rlll]l ac(lllirc(l ivi(.11Ll)e salnple spinning al 10I<Hz, spin-

ning sidebands arc still apparrIIl (IIIC to 1II(’ Iargc (Illadrlllmlar interactions and result

in the intensit~? ol” [II(>IIVOsi(es m“crlal)l)itlg it] t II(’ (~1)(->-(lill~(:l~siollalhI/\S spectrum

(not shown here). In LIICS;\S spec[ rIII)I LIIe signal is spreacl into a. l~~ro-cli]l~ellsiollal

frec!uency plal}c yiel(lillg gr(wl(’r rcsoltl( ion all(l IIcarly co]llplele separa.lion of the

two sites. The simlllatiol]s or (he S:\S SIMYIrIIm yield C’(2=.5.3 and 2.6 MI-Iz, q~= 0.1

and 1.0, A~sO=16 and .IOI)I)IIIfor I II(>l\v(J sil(’s. l.(’sl)(’c.{i\’(>ly. ‘]’!I(w’ resIIILs are colI-

sistcnt with Lllosc 01)1ai[l(’(1 l)). Ilall islx’rg(’r fret]] fif’1(1-(1(’l)f~ll(l(>tlt.1).L\SIlleasurernents
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Figure 6.5: Experi n]enLal and silllula(.rd t.ivo-(lill~t~ilsiolla.l‘iRI) SAS NMR spectra
of R2SOA a.cciuired at 9.4T Jvitll 01 = 90°.flj = .54.74°. The simulated spectra were
calculated for CQ = .5.:3and 2.6hl I[z, q~ = 0.1 and 1.0, and Jisfi = 16 and 40ppm,

respectively. The horizontal din]e]]sion is tl]c NIAS climension. (A). SAS spectrum
with 2-sites (Contour levels: 1%-20%. 1% increments). (~) and (~): Experimental
and simulated speclra. for site 1 lvith G’Q= 2.6illl-lz (Cont,our level: .5Yo-1OOYO,570 in-
crements). (Cf) and (E): Experin]mltal (Contour levels: O.5YO-107O,0.5% increments)
and sirnula.tecl (Contour levels: 5%100%1 5% increments) spectra. for site H with
CQ = 5.3 MI-Iz.
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[24], Ily Fernalldez frolll silllllla.til]g hf.~s spmtm [1:39], ancl for the C~ = 2.6 MHz

site by Cheng et al. [S5] from measurements of static powder samples. Although,

Cheng et al. [S5] reported much different vaiues for the CQ= 5.3 MI-Iz site. Overlap

between the two sites in the one-cli mensional MAS spectrum complicates the accurate

determination of these pa.ra.meters using one-dimensional techniques.

The discrepancy between the simulated and experimental spectra shown in Fig-

ure 6.5 may bc due to the a.nisotropic chemical shifts of both sites. The anisotropic

chemical shifts have been reported by Fernandez et al. [139] from simulations of

one-dimensional MAS spectra to IN’ 12 and 3.5ppn3 for the CQ=2.6 and 5.3 MHz

sites, respectively. Thr relative oricnt,alioa of lhe principle axis systems was also

reported, though wi lh large uncwtai nties. Whi Ie in some cases a better agreement

between the experimental and silnllla[.ml SAS spectra is obtained by including an-

isotropic chemical shifls, sinllllatiolls incorporating their results do not match the

experimental spectrllnl lwt.tm than silnlllations neglecting the a.nisotropic chemical

shift. This opens the (Illmtioll or Iioiv accurate the chemical shift parameters can be

determined by oil(-~-(lilll{~[~siollalNhll{ whcil the chemical shift allisotropy is relatively

small. Further refinements of the t.~!’(~-(lill~t~llsiollalS.4S .speclra are needed to accur-

ately determine the slnall anisotmpic chemical shifls and the rela.live orientation of

the principle axis systjell}s.

In Figure 6.6, the “RI> Sl\S llh’~1{ speclrllil] and projections of Rb2Cr01 ac-

cluired at 11.7”1’ Jvi(ll 01 and O? c(lllal 10 70.12° and 54.’7’4°. respect ivel y, are shown.

one-dinlensiolla] hl.J\S sI)(’(”1rlil)~ (J[ 1Ilis saI]lplc [Yas sl)oivn ill chapler :3 and the magn-

itude of C%~l tva.s (-’stilllalwl fIIcK’ 10 Ix’ aIWIIII~l 110I)pIIl (&c.s = — 1 l~ppm). The

two-dimensional SAS Iineshalxi KJSIIII.SfrOIII LIIr colllbination of quaclrupolar and

chemical shifl inter actio[]s. Tile projcctio]l shove tile contour plot is indistinguisha-

ble from a. hf.AS slwc( rl[t]l of I.IIC CTnt ral-transil ion measured indepenclently. Both

-..,,., .,.:..
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Figure 6.6: J3xperimcnta.1 t.~vo-climcnsiollal ‘7R13 S}\S NM R spectrum and projec-
- T ~vi(II 01 = 70.12°,02 = .54.74°. The horizontaltions of Rl)2Cr0,1 accluirecl at 11. I

dimension is the M~\S dimmlsion. ‘171Cprojections in both dimensions are also shown.
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one-dimensional Ijmjectiolls Ilave slructi[re: hcnvever the t~vo-clil~l(~llsiollal Iineshape

contains more detail. \’\’hilt RlJ2Cr0,1 ha-s tivo rubidium sites, the site with the smal-

ler quadrupolar interaction is selectively observed. The MAS spectrum of Rb2CrOA

at 11.7 T h~as ]more structure than if only the quadrupo]ar interaction was present.

Both the centerbancl and spinning sidebands are affectecl, since the spinning speed

is not fast enough to completely average the a.nisotropic chemical shift. The MAS

spectra of R b2Cr0.1 at various fields ~vere si n]u Iated using the parameters determined

from the SAS experiments, and reproduce Inost of lhe features in the centerband and

sidebands of the espcri nlenta I spectra.

In Figure 6.7, the ‘i 1{1>SJ\S P!hflR (~xl)(~l”illl(~ll(.aland sinl~llat cd spectra of Rb2CrOA,

obtained with UI = 70.12° and 02 = 51.74° acquired a.14.2, 9.4 and 11.7T are shown.

The clifTercnccs anlong ( II(J[.hrec mcasllro(t sprctra I. P(ICCLthe dependence of the chem-

ical shifl and qlIadrIIImlar intcracl. iol)s 011 IInagIIet ic firld strengtl]. The smaller the

magnetic field, Llle SIIIall(’1”Llle cllcmical shift infraction is relative to the quadrupolar

interaction. hTotc that Lllcspcct.r[lln ac(luirc(l al lIIc’lowest fielcl, 4.2T, appears similar

to spectra in Figllre 6.:1 calculated consideril}g ol)ly f Ile quadrlipolar interaction. All

the simulated spectra iu I“igurc 6.7 ivcre ralc[liat.ml [wing the following parameters,

CQ = 3.5 A41-Iz,~~Q= (!.:1, J;.,,, = –7PP111, J(-..$= –lloppm, ?)c~= o, ~ = 70°, @ = o“.

q3is undefined Ixwmsc. ill (his case Lhc cllc]llical shift i[lteraction is axially symmetric

(qc~ = O). Tl]e fac(. tl)at tl)c si]t])(~ l)arat]~r[crs fi[ (IIC spectra ac(l~lired at three field

strengths rigorollsly (1( ’lll(Jl lSl.l”ilt (’S 1 11(’ I)r(x”isioll 0( tile Lecllnicltlc. ‘1’l]cq~ladrupolar

coupling constjallt., CI[121(II”IIIJOI:II”2wJ’111111(11r~”lmrailleler and isotropic chclnical shift are

all consistent wil.111]](’ i“al[lvs CIC1crlnined using fi(’1(1-(1(’1~(’tl(lc{lt13~\S lncasurements

by Baltishergcr C( al. [21].

To determine Ihc sensi[. ivil.yof tl)e sprcl m 10 Lhc chemical shift pa.ralneters, spec-

tra were calc~lla.t.ed fvil II & ,,s a IICI//C< 12rim! sqmratcly hy + 1.5 ppm and from O to
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Figure 6.’7: Experimental and sin~~llat.ed {,it’o-clil~lellsiollal‘7R.b SAS NMR spectra of
RbzCrO.lnleasllrecl a.t,4.2T1!).4T, a.ncl ll.i’T~vith Ol =70.12°,02=54.740. Thesame
parameters were usecl for the si mllla.t.ecl spectra at all three fields strengths, and are
CQ = 3.5h’fl-lz, ?j’~= 0.3,Ji.$Cl= –’i’ppm, Jcf.s = –ll Oppm, y?~~= 0,x = 700,0 = OO.
The horizontal climmsion is tile Al.4S di Incnsion.
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0.15, respeclivdy, with all t hc remaining paran]elers identical to those used for the

simulations shown in Figurr 6.;. Frol]) simula.tcd speclra such as those presented in

Figure 6.S, the uncertainly in &.s and 71C~is determined to be +1.5ppm and less than

0.15, respectively. To delermine the sensitivity of the simulated spectra on X,@ and

q~ the spectra presented in Figure 6.9 were calculated with parameters identical to

those in Figure 6.7 except that \, q) and 7i~ ivere varied separate] y by +5°, from O to

15°, ancl +0.1 respectively. The simula( cd spectra calculated with @ equal to + 15° or

-15° are equivalent. From simulations SIICI1as l]lose sl]own in Figure 6.9, conservative

error estima.lm for ~, @ and J)Q aro +5°. + 1.5°. and +0.1, respectively. ~onsiclering

the greater a.ccurac~r i II dclcm]i ni tlg lj COI]lpared Lo ~ , and similar results reported

by Fernandez et al. [1:]!)]. 011(1IIligll[ slislwct Lllat t.llis is a general lrend. Further

experiments 011othf~r syslcl)]s call I)(*lNIrfortned to clarify this point.

Thus, Lhe chemical shirt an(i (Illadrllpolar ilil.erac( ion parameters and the relative

orientation betw’eel) t.l~c l)rillcil~lo axis systclns are determined with lhe following

accuracy: C~ = 3.5 +0.2h’lllz, 11~= 0.:1+0.1, cl,.,, = –7 ppln, ACS= –110+ 15 ppm,

Ilcs = 0+0.15, y = 700+5”. u’= 0“+ 15°. tvi( h q undefined. These resulls differ

significa.nl]y frol]l Lhosr (l(~lx:rlniIlc(l fro!]] onr-di melwional NM R spectra of powder

samples reported l~y (!hellg et al. [S.5].

6.5 Conclusion

NM]< has Ihc lmt(~[l(ial to cllaraclcrizr t II(I local atol]lic (-’llliro[]t])(:[lt. in materials

and can be USC(Ito (lelf~r[]]i[l(’ S1rIIcl Ilrc Ijrolj(’rly i“olzll.iollsl]il)s, location a]ld distri-

bution of sllbsl. ilutioli slwcim. tIII(l ll~otioll aIId di[rllsion of aIoms, as well <asother

technologically ilulmrlallt I)rolx’rlies ill ill(Jrga]lic soli(ls. \\’iii] N h[ [~, aIl experin~ent-

alist has the lltll~r(>(.(’(1(’111(’[1advatll.agr 01 hcillg ahlc 10 manipulate the Hamiltonian

of the sysLcIII uII(!cr S( II(]y ~lsillg ra(lio frc(lllcllc.v I)IIIS[>Sand sample spinning, among

1.-)!]
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Figure 6.8: Simulat.eci {cil~o-flilllf?llsioll?ll‘7RIJ SAS NMR. spectra of R112Cr04 at
11.7T with 01 = 70.12”,0Z = .54.74°. The same parameters (CQ = 3.5MHz,

q~ = 0.3, f5i.0 = –71>pm. &.s = –110 ppm, 77c~ = 0,~ = i’OO,@ = 0°) were used
for all the simulaled spectra except, where notxxl. The horizontal clilmension is the
MAS climension.
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Figure 6.9: Sill][llate(l l.\vcJ-(lilll(’Ilsic)tltlls71{1)s.’\s Nhl I{ Sp(-’(”l?ra of Rl)zcro.1 at
11.7T with 0, = 70.1 Y0,02 = 51.71°. ‘~l)(! sat)](’ paral])ctcw (~’~ = ~.~~l~lZ,

7)* = o.3, &., = –?pplll. fi~.,s = – 110 1)1)11],l)(:~. = 0. j~ = 70°, ‘~ = ‘0°) Ii’cre used
for all the simulated speclra Cxceplr lvllct.c
MAS climension.
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other technic~ues. TI]ecollll>ill~ltioIl oft,llesel~letllods~~’itll multi-climensionalNMR

techniques enables the clirect correlation and/or cleconvolut.ion of multiple interac-

tions. These ideas have been usecl in this chapter to correlate the quaclrupolar and

chemical shift intera.ctions a ncl to det.e.rm ine the cluaclrupola.r and chemi ca.1shift tensor

elements, as well as the relative orientation between the two principal axis systems

for a rubidium site in R.zC~rO.l. Extension of these methods to a three-dimensional

experiment by incorporating a pLIrely isotropic climension will be applicable to sys-

tems with multiple atomic sites and those with a. clistribution of isotropic shifts such

as glasses. In this case, va.ria.ble-a.ng]e correlation spectroscopy can be incorporated

with SAS to simplify the technical recluiremcnt of the experiment [IS6, 144].



Appendix A

A Short Review on MQMAS

This a.ppenclix gives a revie~v on h{Qhf AS. which after being proposed by Fryclman

[3], received considerable and extensive attenl ion in the past years. Our contribution

at Berkeley, as dcscrilmd itl L])(’precrdillg clla pters, represents a very small fraction

of the problems and a.pplica.tiol]s come with this technique. While much of the work

from other groups has hmw nlel]oiollcd before , a revimv here lllakes this thesis a more

complete reference.

A.1 History

M~lltil>le-(llla.1~(.111)1~h~ ]~ oIl Ila!f-illlegcr (llladrupoles has bee!) studied for more

than two decades. Most experi tlle]lts lverc performed on single-crystals and the res-

ults served as a nice cleillollsl.l”il.l,iollof creation and detection of multiple-quantum

coherence in the solid-stal c [61. 6.5. I 45, 116, 147]. The difficulties that hinder the

application Lo polvdcr sanlples is a grII(Jra I I)(’Ii(’f LIIa L (.!te excit, alien and reconversion

of the n~llltil~l(:-(ll!arltllll~ cohcrctlccs arc’ iilefficicllt for potv(ler samples.

Amoure~lx was prolmbl~” 1.11Pfirst LOexplicii Iy derive the second-order quadrupolar

I-Iamiltoniarl associated to sy]lll~letric i]llll[il)l(>-[lll:~[li.ltln transitions (m H –nz) for

powder samplm under spinl~ing con(litioll [20]. ‘1’l~eresults sllo~ved that the depende-

nce of this IIanlilLol]ial] ol) 1.11(’sl)illllcr axis is (Ii(fcrclll @ that. of the central transi-

tion only by solne co[lstatl( faclors. ‘rhc n~agnifiml chemical shift differences were

the primary drivilig forrc or his St IIdy. ‘1’11(’lmssil~ility of IIsing lllllltiple-(l~lant~lm co-

herence to enhance (I}c r(w)llitioll of a (l~iaclrllpolar NhIll slx~ctrlltn was not realized

until Frydman [:3]l)ropos(t(] (11(’\lQ\l :\S (’xlj(’rill](’llt Livo ~“cat’s later.
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Research interests on M Qh4.L\S then fall into two groups, aiming at technique

development ancl application respectively. The questions that the first group of people

are interested in include the efllcient acc{uisition of MQMAS spectra and extending

MQMAS to inclucle other features for better spectral interpretation; the latter group

concerns more about systems.t,ic st uclies of interesting materials in the solid-state.

A.2 Technique Development

Three types of questions are among the primary goals of the first group. The

first one involves cla.ta. acquisition, processing a.ncl spectral interpretation. Due to

the similarities between DAS ancl MQhl~\S, much of the DAS variations were dir-

ectly applied to h4QNl AS, making tliis discipline somewhat mature now. The second

problem is about the excitation of ll~Lll(.il>le-cllla.llt,lllncoherence and its reconversion

to observal)le single-qua.n tu m coherence. This turns out as a. clifficult problem that

remains unsolvccl. The t.llird direction is t.cnva.rdthe utilization of hlQMAS principles

to other experiments for spectra.1 cditi ng a ncl cha.racteriza.tion.

A.2. I Data Acquisition

The first MQMAS spectruln presented hy Frydman [3] is a 1D spectrum. Ac-

quisition of l>llre-al~sor]>l.ioll pllasr Lwo-dimcnsiona.1 LlQM.AS spectra was the topic

of a subsecluent, paper [.5I] and also the topic of many other publications [4s, 49]. In

principle, this prol>leill is tllc sa]nc as (hc acquisition problem with DAS and all of

the DAS solutions [46, 50] are eq[la]ly apl)licahlc Ilere. For exam pie, the z-filter tech-

niclue used by M LIellcr [46] t o gi w I)Urc-absorption phase DA S spectra. was used by

Arnoureux [4S] ancl Wimpmis [.49]to acquire pum-a.bsorption M QMAS spectra. It is

worth noting that this solution, Ivhich fvas shown not optimal for the DAS case [50],

is not optimal for ill Qhl AS cit,llcr. A silllplc rmlefinition of the isotropic dimension



with possible use of ivllole-ecllo acq(lisilioll for D~\S is sllperior to l.he z-filter method.

Even though il was clni n]ed that =-filler gives sligl]kly less spectra] clistortion, the 2-4

fold sacrifice in sensitivity may acl as the kiilillg factor for an MQMAS experiment.

The whole-echo method, which giw:s Imtt.er sensitivity and has been primarily

applied in DAS for 2s?Ya.‘7111)and lTO, ma~~ not be a good choice for nuclei such

27AI 11B even Lhougl] [,l~ey somelinles shotv long spin-spin relaxation times. Theas, “

possible problem with Lllis improvement is Lllat tllc spin-spin relaxation time for

different sites might be di (fcrcnl< and ~vllole-echo acquisition makes the spectra less

quantitative. The decision on whetllrr or ])ot t.llis nlodification should be used must

be left to the experimenter.

Ilflossiot poinled out 1llal dala acqllisition ~vith rotor synchronization yields spec-

tra witho[[t sidebands atld gii’(s hetier h4i\S dilnensiol] ]ineshapes [14S]. The ac-

quisition method is also lilorc s(’llsi{il”(’. (ill(-)to the s]l]ailer spectral width one needs

to cover in Lhe higll-rmol~ll ion dimcnsioll. Ilis reslllt shows that ivllen the spectra

have a 101 of sidebands. [lllsyll(.llrol~iz[’(1 amluisil.ion ]nay give centerl~and pattern

quite cliffercnt fro])) perl”cct (IlltlCll”lll)(Jlill”Iinrshalx? and lead (0 errors in estimating

the quaclrupola.r pa ra n]eLms. ‘1’IIc(Ioivi)sidc of (he experiment is tl]at. fast spinning

(> 101{I-Iz)is a. priori sil~ce lllc S[x)clral \vid{ h is ncnv collpled Vvilh lhe spinning speed

and a sloiv spinniilg slxwl Illcalls a snla!l slwclral ivill(low that I)lay not cover all the

different sites.

Recently there l]a\c 1>{’(’11Illally I)aj)(’rs alx)ut Lllc avoida[lce of shearing trans-

forrna.tion [-49, 55]. ‘1’llcse l)alwrs do [lot Illakc significant il”l”ll>rot’(?[llc:llton the old

accluisition scheme. ‘1’IIcIncdi [ied cxpcrilnellt still rrquires intensive manipulation of

the tilme-dolnait] (Ia(a I lIaI tII(JSl Khl 1{soltivares do 1101provide directly.

... ..’. . .-.,.,.- .-.=:...
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A.2.2 Spectral Interpretation

Without high-resolution techniclues such as DAS, DOR and MQMAS, &,~, C’Q

and qQ are cletemnined p ri Ima.riIy by simulating the cluadrupolar lineshape. With

DAS and DOR., lineshape simulation is avoidable if experiments are performed at

more than one field strengths. Since C~ and q~ are often coupled together, only the

quadrupolar product PQ can be clerived ancl two experiments with different fields

suffice to the ddernl ina.ti~ll of PQ and ($i~o. Even though, Iineshape simulation is still

preferred since it gives he(!@r (Ills n(,ifica.tion, and it derives CQ and ?]Q sepa~a.tely.

Interpretation of MQIvIAS spectra. requires a hit, more eflort since the chemical

and second-orcler quadrupola.r shi fts are scaled differently other than DAS and DOR.

Multi ple-fielcl cxpcri 113e11(.sarc tlot necessary but prefmmcl. Dift’emnt spectral in-

terpreta.t ion methods have Imcn shcnvn in Chapter 4. For more complicated cases

that the observed D.4s slli (l is not available: multi ple-fielcl experiment or spectral

simulation is still the right choices.

As described in detail in chapter 3, MQM i\S usually gives narrower lines than

DAS clue to the rcvl~oval of homonuclea.r dipolar couplings. The broadening due to

heteronuclea.r di pol a.r CO(Ipl ing m 1)hmvever he overcome by decoupling. The scaling

of the observed frcquctlcy in LIQLIAS spectra gives MQMAS better or worse resolu-

tion (compared to DA S). depelldi[lg on Lllcsl)ill qua.nl.uIn numbers and the transitions

observed.

MQMAS and llAS sidchand lmt.t.c’rt]sare very similar [45, S3]. ‘l?he sidebands are

not integer multi PICS of I II(’ spi II [Iillg IWI e a.JY~Iy fmm the centerba.ncl. Th~s is clue to

the scaling ~actors int,roducd ill t.llc slleari ng procedure.
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A.2.3 Excitation and Recolwersioll P~dses

The conventional Ivay of exciting l.ri])le-cl~lz~llt[l]]lcoherence is to use a pair of 90°

pulses, separated hy a short p{~riod Of Lime iIlv(:rsely pqo~tjonal to the magnitude

of the qua.drupo]a.r interaction. The collversiol] fronl Lhe triple-quantum coherence

back to single-{llli~.lltlll)l col)meIIcr is achieved by a single !30° pulse. This scheme was

not efficient Lo excite sites exlx>riencing large quadrupo]a.r interactions [3]. Most of

the MQMAS appiicaliolls use otl]er escilalion Inethods.

Using single long p(ilse for cscitatioll of I l.il~le-(l~l~~lltLllllcoherence can be dated

back to late sevenlies [65. 146]. A mOIIITIIX first showed Lhat a si mp]e single strong

pulse is equally effrcti W’for lll(J crcatioll of Lripie-quantum coherence and reconversion

of this coherenm to sillglc~-cl(la[it.~11~~collcr(stlce ill a spinning salnplc [149]. The methocl

was separately ivorlwd o(ll by (; ri lfiII (’l al. Ialer [6S]. Except for Lhe spin-] ocking

melhod proposed hy (lri(lill [(i:]] for spill-; Il[iclci. Lllis siillple excitation scheme seems

to be the most c[ficicll( 011(’.al]{l is llsed lvi{lely now. I-lmv Lo choose the lengths of

the pulses to achieve IX*SL($[~icirllcy l!VISLhc Lo])ic of lllany subsequent publications

[5s, 67].

There srcm LOIx) SOI1lCill(ollsislc>ll(ios” ill Iilerai.ure 011 IImv LOchoose the excit-

ation and rcconvcrsioll I)llIsc (l IIrat ioi]s. For cxamplo, A IIIOUIYWX[67] suggests that

excitation plllscs of Z’lOO, ISOO. I?OO a]](l 90° should IW Iwd for 1=3/2, 5/2, 7/2 and

9/~ nllclei, N’sI)(JCIif”cl,s: ( ;rif(ill (’l al. [6$] sllolvwl. llo~vever, Lhat a .5400 pulse is effi-

cient for 1=3/2 IIllclci: (Jllr (’xl)(’rilll(vlls also s(lg,qests Illat 540° pulse is eificient. ‘I’he

discrepancy col IIcs I]]ai]lly froll} i II(’(Ii(fcr(’1)1c>

that different} res(wrclI gIwIIlw IISCKI.III t IICsi]

Iatively high R F pmvcr is assu IIIc(l ( I()()-2001;

were perforllld \vil.1] a II II ICl I Imv(’r l)(nv(>rIei

I)cri[ll(’lllal collfliliolls aIId conventions

Itllatiol]s pel”fol”nled by A1I1OLIIIW, rc-

Iz), lvllcreas Inosl of our experiments

PI (:KI-601;I-lz). \Vhen t.lle power level

is low, longer l)illsc is I)(L(’(I(J(I10 ~aill I)(’Ilcr cxcil.atioti efficiency (See Figure 3.14

I(ii’
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to 3.16). In addition, some factors (field strength, frecluency offset, second-order

quaclrupolar interaction and the spinning speed) that affect the excitation efficiency

are not wel~-st udiecl. Wh iIe each of these factors may not greatly change the result,

their combined effect may be signi fica.nt a.ncl needs further study. Another factor that

contributes to the seemingly controversial results is the cliflerent conventions used by

different groups. Notice that, the pulse lengLhs reported by Amoureux are liquid-state

pulse lengths, which are di (~eren1.froln solicl-statm pu Ise lengths by a. constant factor

dependent on the spin quantl[ltl n~lml>er. If convertml into solid-state pulse lengths,

the numbers they reported should reacl as 4S0° I’or 1=:3/2, 540° for 1=.5/2, 480° for

1=7/2 and 450° for 1=!1/2. These results are not very clifferent from the solid-state

pulse lengths reported h.v m a.i)d G ri (Iin.

The conversion of the tri l)le-tluant.unl coherencw back to single-clua.ntum coherence

is less effective than the cxcita.l. ion process [5S, 67]. A single solicl-state lSOO pulse is

often the most a.ppropria[,e pu Ise length.

An interesting quesltioil with MQMAS is that even though the excitation and

reconversion are no{, vet-y e[ficiwl 1. the NIQ-fil l.erecl MAS climension still resembles the

qua.clrupola.r Iineshape uadrr 11:\S. ‘1’llissl~rprising rcslllt Ivas explained by I?ryclman

[58] using a. very simple model. ‘~he rfkct is af trihu[.ecl to sample spinning, which

renders the excitation l~lucl) loss ol.i(-’llt.~itioi]-(lc’l~(:l~cl(:llt,. .A more rigorous treatment

through simulation is s(.ill not avai Iahle. Siich a (,rm~tnlmt is important to the full

understanding of 1.1-16’excil al ion l)roccss. ( ‘IIrrcntly. Inosto simulations Ijreat the spin

ensemble as a lvllolr and r(’porl oilly IIICIcIIsellllJle a.vcragecl restllts. The results,

while a.pplicablc in real i(.y: lack I)llysical illl.llilioll. 11.may be insightful! to classify

spins with different orielll.a( iol)s into Ina.ily .grou])s atld see how each group of spins

are affected by cli~erenl. cxcil. a(.io!lsche]l]es. The results may be more intuitive and

may lead to better excitation nlel,llods.

I (N



An a.l[,erna.(iw (~xt”i[atio[l scl IcIIIr IIIa I III iliws spin-locl;il]g p(llsm ivas proposed

by Griffin et al. [6:1]. :\rcordillg (o (I]cir rclmr[s, I tic excit.alioll t]]ethod gives better

quantification than Lllc sillglc-plllse metl)ml. Tl)e tx?ncl of the method is that even

for crysta.llites wilh large clu;ldrupolar coupling constants, under NIAS and spin-

locking condition, Llle drO(”[,iv(J([~iadrupolar coupling constants go through 2 or 4

zero-crossings [69. 70]. ‘1’llc si[lgle-fllltllll.~1111coherence is transferred into multiple

quantum cohcrencc dllri[lg spin-locliil]g I)crio(l. \Vllile the rcsLIlts sI1ow]1in the paper

are promising, il, is [)01 clear \YIIy a better clLltlll[,ific2il,ionis necessarily achievable,

since the spin- locki]]g e((ici(v}cy for Ilalf-ill(.egcr nuclei is ori(:]]l;at,ion-(lel>ell(le[lt and

inefficient km. Ans\ver Lo I Ilis (lII(Isliol] also rc(lllirm a careful look at the response of

each spin Lo R F l)IIISCS.

There are at Iea.si ~IV()O(I]er grollljs Ll)aL \wJrl{on i I]c a.pplicaiion of shaped pulses

for excita.tioll. []OIVCW)I”.II]eir rcsIli Ls arc I101 lmsiLiJ’c con)l)ared t.o the simp]e single

pulse excitation at)d reco[lv(trsioll Illccliallisll)s. 1[ is also JvortlI no(illg Ll]at, when the

excitation field sl. retigiII {lS(”(’(YiS SOIIIC ]i]]~il. I“url ]Ier illcrcas[’ in /]1 does I1OL necessarily

leacl to improved excil. dli(~l](’ffi(i(’licj”. ‘1’lliscoll(”lllsioll is not, ivf’11Irslecl, since in most

NMR ]a.boralorics, vcr~ Iligll 1{1: I)o\v(~r(>?()()kl lx) is s[.ill noI available.

A.2.4 Extensions

13xamplcs or ul. iliziiig (Illilll II I) Ic-(1112111111111CO IICICIICC [0 cnlIa IIcc sped rai resolution

for spin-; Iluclci lrd.s [irsl (lrlllolIsl ral(’(1 I)j. :\ I)) OIlr(’IIs [7!)]. .5 Q\ I.h,$ gives better

~eso]u(;io[l I.llall :)oh!.’\S. 1)11{II?IS l)l”illlill”i]~ 1)( ’(’11 al)p!i(’(1 h) 27+\ I in zcolites with

small q[ladrupolar colll)lillg (wllslallts [ 15. 79. 1.50]. ljxcilal ioil or (llli[l(jlll)lc>-(l~iil.lltlllll

coherence is Orhl (Iillicllll, 1I]lls I Ilis slwcl ral (IIIlt2~II(”(JIII(~IIllllrt,llod is otlly apl)lical>le

to siles ~villl very sI]Iall (l(lii(lilll)ol:]i colil)ii[lg collst.alllrs (2-:INI-Iz).

An in(,ercs[.il)g cxtcllsioii of \lo\l:\S is to IISC i[ for III(’ III(I:ISIII”(JIIICIII, of chemical

. ..... ..=7-’.7- T- ,
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shift a.nisotropy (CSA) [45]. For spin-; nllclci. chemical shift effect is magnified

by a factor of greater than ~ ill {,he ,11Llltil)le-clL1a.llt,~lln isotropic dimension, and the

second-order qua.clrupolar intxwa.ction is scaled clolvn. CSA dominates the isotropic

dimension sideband pattern when it is rclativel y large. Simulation of the isotropic

dimension gives C!SA pa.rametms, even though the method does not provide detailed

inforrna.tion about the relative orientat,iog bet.iveen the WA a.ncl QI tensors. Another

method that performs nllllt.i I)le-qua.lltum experiment, at 30..56° or 70.12° removes

second-order cluadrupolar interaction totally. and a.llo~vs the direct determination

of CSA parameters [45].

CSA of many kilohwlz.

Combining MQhI1~\S

I’he method holvever is limited to samples with moderate

with (:ross- pola.riza.tion ( ~ P ) ~va.s recent 1y presented by

Amoureux et a.]. [15]. Cl) ~vas performed on 19F/27Al pair and the resultant spectra

suggested that fluorine is con netted to only one type of the aluminum sites. The

result is promising for spcct.ral eclit.ing, l~llt special care must be taken to interpret

the CP/MQlvl AS spo’ct.l.;l..

In the shove Cl> exlx~riillcnt. l$)F si nglc-q Ila.nt.u[n coherence was first transferred

to 27A1sil~gle-(l~la.llf.[1111cohercncc. ~vllich Ivas Lhwl stored as z-[ll~~g]lctiza.tioll. Triple-

qua.ntum excitation Ivas lxv+)rtlled on t Ilis Ill?lgllct.izatdioll. ‘1’he coherence transfer

is sornewha.t inefficient siilcr a ;-(iltcr is used. It. is [lot clea.u if it is experimentally

feasible to transfer t.hr ‘“F’sillgl[~-(lll~~llt,lllllcoherence directly to 27AI triple-quantum

coherence. ]?a.rly cxlx’rilllcllts 011 ‘1I give Imsit.ivc sig[ls Pv(>n l.lIOu.gll 21-1 usually has

smaller quadrupolar C(Jlll)llll# (.cJIIs[.a IIt [117].

In Chapter 5, lV(?sIlolv(~(I a [lot ]ler (!]) ]msec[ exl)erinlellt,---kl ”QN1}\I/IVrCOROR

[151]. The experimel}(, allmvs (.hr registry of high-resolution HETCO R spectra for

quadruples and maps out the spill net.~vork di rectlj~. The experiment, was clemon-

strated on 23ATa./:31P pairs, bllt. I]y I)o memls should be limited Lo those systems.
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A.3 Application

A.3.1 27A1

About half of lhe hloM.4S al)plicaliolls l>) I1OWinvolves a.lulminum [60, 61, 79,

150, 152, 153]. The Iligh al)lll]dance al]d high resonance frequency makes it very

suitable for L4QMAS studies. Also, alumillllm is oile of the most important nuc-

lide in zeo]ites, minrrals, glasses and other illlcresling materials. In zeolites, it was

demonstrated that h’[(~hf:\S is able 10 (li~f(:r(:lll,i;l.l,caluminum siles wilh slightly dif-

ferent

could

of the

environments. ‘1’llc resolul.iol) is usllally good moI@I compared to DOR, ancl

be fllrthcr ilnprovcd I)y exciting lIIc (l(li[-~(,l[l)l(~-(lua.l-)tllll~collerences. In most

zeolitic materials stu(lied so ~ar, lll(J q[ladrupoiar coupling constants are small

(2-5 MHz). L{QLIAS \vas also applie(l 101 Ite st(ldy of al~lmil]z] catalysts. Once again,

the quad rupolar colll)lilig coi IsLatIls arc tlol Loo large. .4 systell)at.ic st)llcly of alu-

minum in ~1.]lllllillosili(”~ll(”all~l alll!lliilaie Illiilcrals l)as been presented ill detail in

chapter 4. The rcsllll I11(’I”(Lsllggesl 1Ilalc ivllclI ~’~~is large, Ll)e sp(wtra are no longer

quantitative. T\vo di(fcrelit []IcLI]o(ls 01’rctri(’i”il]g (luadrllpolar paralncters were also

discussec] there. IL tvas slI(nvII Lllal hlohl~\S is oll.cll able to difrcrcntia.te aluminum

sites with different coor(li[la( ion tllln)lwrs. Ivllicl] is in~portant in ~lll(lel”st;~Ilclil~g the

micros tructllrc of glassy IIlalcrials.

A.3.2 ‘:)Na

hfosl of Lhc 2:1~a ivork iv(’r(’ 1)(’r~orlll(’(1 ott III(J(I(>IcoIIIpolIIl(ls to d(’lnonstrale the

efficiency of diffcrclll. (Jxl)(’l”illl(’lllitlSCI1(*!]I(X.[1 Ivas lolltl(l that iVQM,’\S is often ef(i-

cient for ‘:~~lzl,as IIlOS[ si[(~s lIa\”(’ SII);II] ([IIiI(lI”IIl)olt\t” colll)]lt]g (“ol)sti~[lls [~s]. Sodium

sites with slnal] di(ler(vl(.cs ill cllcllli(”al sllifls an(l/or (Iiiadr{llmlar co~lpling constants

are (Ii(f{’rc’llt.i:ll)lf>~roII] (wrll 01lI(Jr fvil 11\lQ\l:\S. ‘1’l)c tm”hniqllc I]as hcen utilized
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to separate two strongly owrla ppi ng rcsona ncrs from distinct si ks in glasses and to

detect impurities in Naz 11KJI [.57].

A.3.3 llB

Even though l*B sites Nsual]y have slma.11C~ values, published MQMAS results

*lB spectra are easy to obtain. Ason this nuclicle is surprisingly rare. In p~inciple$

a very positive example, 1“1lvang et a.!. prc!sentcd a series of 1lB spectra of B203 ad

B2S3 glasses that up LOS boron peaks were idcnti fied in a single spectrum [62]. The

superior resolution o(rcrecl I>yh [oh’IAS lvott Id grca.ti~l contribute Lo the understanding

of borate or borosi Iica.tc glasses.

A.3.4 170

Comparecl to the ~vide appiicat ion or Df4S to 170, MQh4AS of 170 is somewhat

limited. Accorcling LOour calculation, :3QN1AS and 5Qh4AS are both not a.decluate

to resolve limltiplc-sites Ivitll varying Si-0-Si bond angles. The conclusion seems to

find more support in I,I1(Jpas{. year [127]. OLIr experiment on zeolite Y yielded at the

most two peaks IVhmess DA S gi w’s :) lVCIl-resol ved pea IUS.For non-bridging oxygen,

however, h4Qh’i.4S is as poiverflll as D.4S il) resolving overlapping peaks.

in

in

It is clear that non-l jridging n[i(l I)ridgillg oxygcv] sites usLlallJ’ gives different peaks

the isotropic clilncllsioll [116. 126. I27]. San]c collclmion is also true for oxygen

Si-O-Si and Si-O-:\l fragl]l(’111s [.56]. l~a.s(’(1 oIl t II(’ lligl}-l”(’sc)l(llrioll a.va.ilahle from

MQhfAS, kine[.ics of “() Ial)clillg [1 16] Iias I>cci] S[tidied to sI101v that Si-0-Si and

Si-O-Al ha.v(>di (~erw~t rmc”livit.y. S[lCII all (IN(ICI.\VaS first olmrved in ZSM-5 zeolite

through lsO labeling [1.5-4].aud rrcelll Iy rrceivd more interests in other areas.



A.3.5 Less Common Quaclrupolar Nuclicles

MQMAS on ‘71{1>[-15, 5]], 15SC[45], ‘SM n [:3] ivere also performed. The results

serves as delllol~str:~.t.ioll of i.lie poI.el I(ia I a pplicahilit.y of MQM t\S to a. series of other

93NI) is however, negative. Thenuclei. h4y experience \vil)l) ])ucli(les SLICIIas ‘5Ga nnd

large quadrupolar f.-o~lpting coIlsl.anl.s are the major problem with the experiment,

even though ho]])onlilcm r (Ii[)olar collpling may intro(lllce extra complications.
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